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An Ordinary General Meeting of the Institute of 
Petroleum was held at 26 Portland Place, London, W.1, 
on 9 March 1955, the Chair being taken by G. H. Thornley, 
M.Sce., a vice-president of the Institute. 


The General Secretary read the minutes of the previous 
meeting, which were confirmed and signed as a correct 
record. He also announced the names of members elected 
since the previous meeting. 


The Chairman, introducing the author of the paper to 
be presented, said: The title of tonight’s paper is ‘* The 
Viscosity of Liquid Hydrocarbons.” It is being presented 
by Mr L. Grunberg, who is a fellow of this Institute, and 
a graduate of the Oil Department of Birmingham Uni- 
versity, where he studied under the late Professor Nash. 
Working with Dr (now Professor) Nissan, his research 
interests were soon directed towards the viscosity of 
liquids, and in particular, of hydrovarbons. Although 
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THE VISCOSITY OF LIQUID HYDROCARBONS * 
By L. GRUNBERG ¢ (Fellow) 


SUMMARY 


Aucust 1955 


he left the department in 1942 to take up an appointment 
in an industrial research organization, his interests in the 
more academic aspects of research continued, and in 
collaboration with Nissan, he published a number of 
papers on viscosity. In 1951, he joined the Department 
of Scientific and Industrial Research, as deputy to the 
head of the Lubrication Division in the newly established 
mechanical engineering research organization. This 
brought to him a number of highly absorbing and new 
research projects, such as the study of defect structures 
in freshly delened surfaces, by means of Geiger counters, 
The paper to be presented tonight, and some recently 
uublished work on the viscosity of solutions, testifies 
Loveus that he has not abandoned his interest in the 
study of hydrocarbons and in viscosity in particular, 
which was instilled into him in the oil department of 
Birmingham University some fifteen years ago. 


The following paper was then presented in summary 
by the author : 


The simple exponential equation 7 « e4”/"" relating viscosity and temperature cannot be applied to hydrocarbon 
oils, since changes in temperature produce changes in the state of order and in the configuration of molecules. 
These changes are studied by separating the free energy term into an energy factor and a configurational entropy. 
For studying changes in configurational entropy the atmospheric boiling point is chosen as the reference state, 


since it corresponds to the highest degree of disorder possible in the liquid at atmospheric pressure. 


It is found 


that for rigid hydrocarbon molecules the configurational entropy is positive, whilst it is negative for more flexible 


molecules. 
the equation of state of the liquid. 


INTRODUCTION 


PeTRoLEUM technologists are greatly interested in 
the variation of the viscosity of liquid hydrocarbons 
with the temperature. One of the simplest problems 
encountered is the extrapolation of data to tempera- 
tures at which no experimental values are available. 
The ASTM charts based essentially on Walther’s 
equation ! are useful for this purpose, although the 
fundamental basis of that equation has yet to be 
found. More often, however, viscosity is used as a 
means of classifying hydrocarbon oils, and it is 
assumed that the viscosity-temperature relationship, 
expressed for instance as the viscosity index, does this 
in an unambiguous manner. Since fundamental 
knowledge in this field is sorely lacking, it seems 
appropriate to gather a few facts on this subject.. 

A most striking discrepancy exists between the 
equation for the dependence of viscosity on tempera- 
ture proposed by physical chemists and those which 
petroleum technologists find useful. The former, 


* MS received 23 December 1954. 
t Lubrication and Wear Division, Mechanical Engineering 


Similar results are obtained if the reference temperature is chosen arbitrarily, without considering 
An equation embodying three constants and requiring measurements at three 
temperatures is proposed to characterize the viscosity—temperature relationship of hydrocarbon oils. 


deduced on the basis of simple models, and hence 
applicable to simple liquids, usually suggest that 


no (1) 
where 4 =the dynamic viscosity; AH =a free 
energy; R =the gas constant; 7’ = the absolute 


temperature. Equation (1) has so far not been very 
useful for describing the viscosity-temperature rela- 
tionship of hydrocarbon oils, and one cannot escape 
the conclusion that such oils are more complex than 
the models for which the equation has been derived. 
The present paper attempts to show how complexity 
of molecular structure and other factors can lead to 
deviations from equation (1) for liquid hydrocarbons, 


REVIEW OF THEORIES FOR THE VISCOSITY 
OF LIQUIDS 


Although equation (1) was proposed by de Guzman # 
as early as 1913, it was not until 1934, after the 
publication of its independent discovery by Andrade,* 


Research Laboratory, Department of Scientific and Industrial 
Research, Thortonhall, Glasgow. 
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that it became generally accepted. This was followed 
shortly by the theories of Frenkel * and Eyring,’ which 
introduced the exponential term into more detailed 
equations. Although Frenkel’s theory was based on 
the model of a highly ordered, quasi-crystalline 
liquid, and that of Eyring on the assumption of 
complete disorder, they both lead to similar expres- 
sions, in which the variation of the viscosity with the 
temperature was expressed as an exponential term 
similar to (1). The next stage in the development of 
the theory of viscosity was the publication by Born and 
Green ° of a general theory of molecular fluids. Apart 
from the potential energy function the radial distribu- 
tion of molecules was considered of importance. This 
theory has so far been applied only to mono-atomic 
liquids. 

The theories mentioned consider molecules to be 
hard and perfectly elastic spheres, and when dealing 
with highly complicated and possibly flexible mole- 
cules, such as hydrocarbons, the details of the theories 
can be applied only to a limited extent. This was 
first realized by Bondi,’:* who attempted to develop 
Eyring’s theories and considered flexible and rigid 
hydrocarbons. Grunberg * considered the same prob- 
lem independently, and based his conclusions on 
equation (1). 

When studying the viscosity of hydrocarbons it is 
necessary to consider, in addition to the possible 
flexibility or rigidity of the molecules, also the state 
of order or disorder existing in the liquid. Several 
attempts have been made to use viscosity as a 
measure of the state of molecular order existing in 
liquids. Mack '° suggested that the fluidity, i.c. the 
reciprocal of the viscosity, should be proportional to 
the degree of disorder and Dienes ' proposed an 
equation 


No _AB/RT U/R(T — 7, 
n= ge” 41) 


where U = the energy of ordering and 7 =a 
characteristic temperature. Moore, Gibbs, and Eyr- 
ing '* applied themselves more specifically to the 
problem of order-disorder in hydrocarbon liquids, 
From a study of the variation of AZ and other 
physical data with the temperature they concluded 
that three liquid regions may exist in liquid hydro- 
carbons ; a quasi-crystalline region, a region in which 
“ libration '’ was possible, and a region in which free 
rotation on the long axis of the molecules occurred. 


THE STRUCTURE OF HYDROCARBON 
LIQUIDS 


It is well-known that long-chain paraffin molecules 
form fully stretched zig-zag chains in solid crystals 
and are completely “ crumpled ” or coiled upon them- 
selves in the vapour. The former can easily be 
deduced from X-ray diffraction measurements and 
the latter from the low values of the collision dia- 
meters calculated from gaseous viscosity. The change 
from the fully stretched to the “ crumpled” con- 
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figuration can be expected to occur at some point in 
the liquid range, and the degree to which this transition 
has taken place will be of great significance in viscous 
flow. 

Before pursuing this in detail it is necessary to 
reiterate first the behaviour of molecules in simpler 
types of liquids, in which the added complication of 
molecular flexibility does not exist."* The arrange- 
ment of the molecules in a liquid does not differ 
materially from that of the corresponding solid except 
in the following respects : (1) the order or symmetry 
exists over distances equal to a few molecular dia- 
meters but is lost over long distances; (2) the order 
changes in time as well as in space ; (3) a large number 
of unocvupied sites exist ; (4) the rotational degrees of 
freedom are less impaired. For hydrocarbon liquids 
it is necessary to consider also the extent to which the 
structure of the molecules affects the rotational degrees 
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GEOMETRICAL PROBABILITY OF DISTANCE BETWEEN ENDS OF 
HYDROCARBON CHAINS AS A FUNCTION OF THE NUMBER 
OF C-C BONDS (LINKS) !° 


of freedom. This involves the question of hindered 
internal rotation in hydrocarbons, which has recently 
been reviewed by Aston.™ In ethane, for instance, 
the two methyl groups may in extremes take up one 
of two positions, so that the C-H bonds lie either 
above each other or are displaced by an angle of 60°. 
The potential barrier favouring the latter position is 
2-75 keal mol!, i.e. considerably greater than the 
thermal energy of the molecules at temperatures in 
the liquid range of ethane, and it can be expected that 
in liquid ethane the C-H bonds will be displaced 
relatively to each other. The same considerations 
when applied to propane suggest that two stereo- 
isomers, namely the cis and trans forms, can exist and 
that the potential barrier favouring the latter is about 
33 keal mol*. For n-butane the trans form is 
favoured by a potential barrier of about 3 kcal 
mol!, From these data one can conclude that an 
extended shape of hydrocarbon chains is favoured, 
owing to the repulsion of the end-methyl groups. 
For hydrocarbons higher than C, the greater separa- 
tion of the end-methyl groups and free rotation round 
intermediate C-C bonds probably reduces the hinder- 
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ing potential and leads to a lesser degree of extension 
of the chains. Similar conclusions can be reached 
from purely geometrical considerations. Treloar 
obtained the geometrical probability of the distance 
between the ends of a hydrocarbon chain as a function 
of the number of links in the chain, i.e. C-C bonds, as 
shown in Fig 1. For the three-link chain (n-butane) 
the probability tends to infinity at two definite 
distances. The smaller distance corresponds to the 
cis position, unlikely to occur at low temperatures, 
and the greater distance to the trans position. The 
four-link chain (n-pentane) has an _ intermediate 
maximum, but the probability still tends to infinity, 
when the chain is fully extended. With increasing 
chain length freedom of rotation and crumpling of the 
chain increases, both on purely geometrical and on 
thermodynamic grounds. If a hydrocarbon chain is 
branched or attached to a naphthenic or aromatic 
ring system additional hindering potentials arise and 
a ‘ stiffening ’’ of the molecules ensues. 

The picture of molecules in a hydrocarbon liquid 
appears to be exceedingly complicated and the effect 
of substituted groups and of temperature on the 
effective shape of molecules difficult to assess. 


THE VISCOSITY-TEMPERATURE FUNCTION 


In order to formulate the viscosity-temperature 
function in a manner which would take into account 
the changes which temperature brings about in a 
hydrocarbon liquid, it is necessary to consider the 
changes in structural entropy of the liquid, the entropy 
changes associated with molecular configuration, those 
associated with inter- and intra-molecular interactions, 
and so forth. Such a treatment, even if it were 
possible at the present state of our knowledge, would 
lead to a different equation for every type of compound, 
and would obviously be impractical. The best alter- 
native is to use the simplest possible type of equation 
and try to deduce from the various degrees to which 
various compounds conform or deviate from the 
equation the influence of molecular structure. 
Eyring,® Bondi,’ * and others used an equation of the 
type 
AH — TAS 
n= nge (2) 
in which the free energy AZ is split into an energy AH, 
analogous to the heat of reaction in chemical processes 
and an entropy term T7AS. Although formally 
justified, it seems preferable to base changes in 
entropy on some reference state and define explicitly 
whether the thermodynamic quantities refer to constant 
pressure or constant volume. Most data for viscosity 
were obtained at atmospheric pressure, and it is there- 
fore useful to define the thermodynamic quantities as 
referring to constant pressure, i.e. 1 atm. The refer- 


ence temperature could be chosen quite arbitrarily, 
say at 25° or 100° C, but it seems preferable to relate it 
to some point on the equation of state of the liquid. 
Two points suggest themselves readily, namely the 
melting and boiling points at atmospheric pressure. 
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At the melting point the degree of order in the liquid 
would be at a maximum, whilst at the boiling point 
it would be ata minimum. Several investigators '* *” 
have found that viscosity can be correlated at the 
boiling point, and if it is further considered that it 
may be desirable to choose a state in which the 
rotational degrees of freedom are developed to a large 
extent, the choice of the boiling point at atmospheric 
pressure seems preferable. Equation (2) in logarith- 
mie form reads : 

AH, 
2-3RT 


AS, 


logi9 Np = Top + 
when the subscript p denotes the fact that the 
quantities are considered at atmospheric pressure. If 
one subtracts from equation (3) the corresponding 
equation at the absolute boiling temperature 7’ y 


AH, 71 (AS — ASz), 
2-3R (7 r,) 2-3R (4) 
By definition 
(AS | In T (5) 
Tp ; 


where c, is a specific heat factor analogous to the heat 
capacity at constant pressure. Writing 


T 
T, 


and introducing (5) into (4) one obtains 


Zquation (6) indicates that the ratio of the viscosity 
at any temperature to that at the boiling point is a 
unique function of the absolute temperature divided 
by the absolute boiling temperature provided the 
ratio AH,/T', and the specific heat factor ¢, are the 
same. 

In several instances a correlation of » with + has 
been found useful. Nissan '* found that the viscosity 
of all the n-paraffin above C, could approximately be 
represented by a series equation in terms of + 


4-283 — 18-572+ + 17-5057? 


logig t (6) 


5-900+4 
(7) 


and it has also been suggested * that the correlation of 
the viscosity of other hydrocarbons is possible by 
dividing the viscosity by the viscosity of a n-paraffin 
(equation (7)) at the same value of +. 

A special feature of equation (6) needs to be noted. 
If the difference 


Nparaffin 


AH 


logo : 2-3RT', 


tT 

is positive, then the difference in entropy, Ao is 
positive, whilst the specific heat factor c, is negative, 
since generally + < 1 and logy,+< 0. If the differ- 
ence Aq is negative c, is positive. In the present paper 
it has been found useful to express the results in 


— 
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terms of —Ac, so that to consider results positive, 
when the specific heat factor c, was positive. 

An equation similar to (6) can be set up also when 
using a reference temperature other than the boiling 
point. This is, of course, necessary for higher hydro- 
carbons, for which the atmospheric boiling point may 
either not be available or cannot be attained, since it 
lies in a temperature range in which thermal cracking 
occurs, Let 7'* be the absolute reference temperature 
chosen; the viscosity at 7*; the ratio 7'/7'* 
and AH* and c* the corresponding thermodynamic 
constants, then 

A4H,* ( l 


The relationship between AH*, and AH, can now be 
established by suitable transformations which yield 


AH*, 
AH, 
2-3RT* 


and hence that AH*, can be greater or smaller than 
AH, according to whether (c, is negative or 
positive. 

The description of all the changes which may occur 
in @ liquid into a single specific heat factor enables 
only an overall assessment to be made of the various 
processes involved, but when studying groups or 
classes of compounds over wide ranges of temperature 
the importance of one or the other processes can be 


suggested. 


1) log (8) 


(9) 


INVESTIGATION OF EXPERIMENTAL 
MATERIAL 


For a systematic investigation of the equations 
proposed it was necessary to assemble data for the 
viscosity of hydrocarbons in suitable form. The 
collection of data was published in a paper.’ Since 
then the American Petroleum Institute #° has pub- 
lished reliable data for a few hydrocarbons. The 
calculations of the various constants is, however, 
laborious, and in the present paper the results of a 
few groups of hydrocarbons can be presented. 


RESULTS BASED ON BOILING POINT AS 
REFERENCE TEMPERATURE 


n-Paraffins 

As mentioned earlier, the viscosity of this series of 
compounds was investigated by Nissan,’ '* who, on 
the basis of the data available at the time, derived the 
series equation (7) for the n-paraffin above C,. It 
appeared of interest to investigate to what extent the 
more recent data obtained under the API project 
conformed to equation (7). The API data extend 
over the wide temperature interval of —190° to 
C, Nissan's correlation predicted that at the 
boiling point (+ = 1) all n-paraffins should have the 
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same viscosity, namely 0-207 cp. Table I shows the 
values of n, obtained from a careful interpolation and 
extrapolation of the API data. 


Taste 
Values of ng for n-Paraffins 
0804 | 0-966 | | 0-269 | 0-269 | 0-208 | 0-207 | 0-206 
n-Paraffin 


Cy 
NBs 0-20 


Cis Ou On Ore | Cy 
0-205 | 0-204 | 0-202 | 0-201 tba 0-20 | 0-20 


Considering that even the API-data report the 
viscosity near the boiling point for the n-paraffins 
above C,, only to two significant figures, this pre- 
diction of Nissan’s correlation appears exceedingly 


1-50 


0-7 
Fie 2 
COMPARISON OF API DATA ® WITH SERIES EQUATION 1 


good. Less satisfactory is, however, the prediction 
for the variation with temperature, particularly for 
the lower n-paraffins at low values of + and for the 
higher n-paraffins at high values of + (Fig 2). This 
discrepancy can be easily understood, since the series 
equation was derived essentially on the basis of data 
for small +’s of the higher hydrocarbons and for large 
+’s of the lower hydrocarbons. 

The correlation shown in Fig 2, however, makes it 
clear that the constants in equation (6) cannot be 
expected to be the same for all the n-paraffin, but will 
show a systematic variation with increasing length of 
the hydrocarbon chain. In order to obtain the 


constants, log, 7/7» was first plotted against (: — 1) 


and the initial tangent equal to AH,/2-3RT7', passing 
through the origin was determined. Table II gives 
AH, 


the values of — 


for the n-paraffins C, to Cy». 


= Co ula Ce 
\ 
0-50 
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Tasie IL 
for n-Paraffins 


n-Parafin . Cy | | Or | | & | Ore Cu Cn 

Bip a | 1-897 | 1 ‘ 

T3RT | 1-233) 1-378 | 1-337 | 1-385 1-600 | 1-470 1-500 1-520 
| 

n-Paraffin Gag Dig | Cre | Ore | | Oe 

| 1-650 | 1-668 | 1-683 | 1-600 | 1-614 | 1-680 | 1-641 | 1-655 

23RT, 


The function ; —% (: — 1) and the difference 
B 
4H, 
2-3RT, (= —1) — loge 


were calculated. 

The results show a gradual increase of AH,/2-3RT', 
with increasing length of the paraffin chain, but the 
logi9 t is, 
however, more complicated. Fig 3 shows —Ac 
versus —log,, t for the n-paraffins C, to C,. Several 


variation of the entropy term Ac = 


04 


ENTROPY CURVE FOR \-PARAFFINS C.-C, 


interesting features of the curves can be noted. All 
the n-paraffins with an odd number of carbon atoms 
show the well-known meiting point anomaly, i.e. the 
liquid range is extended to lower temperatures (higher 
values of —log,) +), but this particular range is 
characterized by a negative slope, which is absent in 
n-paraffins with an even number of carbon atoms. 
This behaviour can best be explained by the repulsion 
of the end-methyl groups, which in odd numbered 
paraffins would tend to approach each other more 
closely than in even numbered ones. The curves 
become flatter and gradually approach straight lines. 
As the boiling point is approached (—log,, ts —> 0) the 
curvature is reversed. This behaviour suggests that 
there is a gradual change of the configuration of the 
hydrocarbon chains from the parallel arrangements 
immediately above the melting point to ‘‘ crumpled ” 
or coiled up molecular configurations near the boiling 
point. Fig 4 shows the results of the calculations for 
the n-paraffins C,,>-C,, on which the curves for C, and 
(, are also given in order to show the relationship 
with the curves on Fig 3. It is interesting to note the 
shift in the position of the configurational entropy 
curves with increasing chain length. From C, to C, 
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this entropy decreases with increasing chain length. 
For C, owing to the close proximity of the end-methy! 
groups coiling up of the molecule is impeded, but this 
becomes more probable with C,, which can curl up 


ogi, 
Fie 4 

ENTROPY CURVE FOR N-PARAFFINS ©,9-©\, 


into itself to approach the hexagonal symmetry of 
benzene or cyclohexane. As the chain lengthens 
further, the entropy decreases until another half of 
the six-membered chain has been added in C,. Still 
further lengthening of the chain is accompanied by an 
increase in the configurational entropy. This can be 
seen from the entropy curves for Cy and C,, and 
from those up to Cy, in Fig 5. Increase in chain 
length also decreases the region of negative slope, 
which almost completely disappears for C,,. 

The change in molecular configuration with tempera- 
ture is still better followed by considering the change 
in the specific heat factor c,. The definition of this 
factor according to equation (5) is only fully valid 
over a relatively narrow temperature range, and ¢, is 
hence best expressed by RdAa/d log,,+. This was 
determined for C, and Cyo, and the results are shown 
in Fig 6. The curve for C, shows that between 


+ = 0-47 and + = 0-62 ¢, increases continuously, At 
04 
03 
04 os 
~ 
Fia 5 


ENTROPY CURVE FOR \-PARAFFINS 


the latter temperature the curve changes direction 
gradually and reaches zero at the boiling point. It 
appears likely that up to + = 0-62 the C,-chain is 
fully extended, and that within this range the flow 
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process involves elongated, relatively rigid molecules. 
Above + = 0-62 gradual crumpling of the chain sets 
in, and the coiling-up process approaches completion 
near the boiling point. The C,, chain behaves 
similarly, except that the turning point of the c,-curve 
is displaced to += 0-70. This displacement is 
probably due to the larger number of configuration, 
which can correspond to a more or less extended shape 
of the chain. 

The above hypothesis suggests that the relatively 
low temperature coefficient of viscosity of the higher 
n-paraffins is caused by configurational changes from 
extended to crumpled chains, and is at variance with 
the explanation of Moore, Gibbs, and Eyring, based 
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on gain of freedom of rotation about the long axis of 
the chain and that of Bondi’? based on a process of 
co-operative flow. The hypothesis suggested here 
can be checked by a comparison of the entropy of 
flow A//,,/7', with the entropy of internal vaporization 
AE yup/T'y at the boiling point. If at this temperature 
a n-paraffin chain would be fully extended in the 
liquid phase and would change to a crumpled structure 
on vaporization, the ratio ALy.)/AH would decrease 
monotonically with increase in chain length, since the 
degree of coiling would increase with the latter. 
Table IIL shows AR SH,/T,, and 
for the n-paraffins C, to Cy. 

The ratio AL ya,/AH, is practically constant for the 
whole series, although a slight tendency to decrease 
with increasing chain length can be noted for C, to 
C,,. The ratio approximates the value which Grun- 
berg and Nissan” predicted on the basis of geo- 
metrical arrangements of molecules in liquids. 

At this stage, before turning to the isoparaffin, it 
appears appropriate to discuss the lower members of 
the n-paraffin series, which have much in common 
with the former, such as the close proximity of methyl 
groups. The relevant constants for the n-paraffins C, 
to Cy are given in Table IV. Fig 7 shows the curves 
of —Ao v. —logy, t. Methane shows a very slight 
positive entropy, and one can assume that this is 
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Tasre IIL 
| ag 
n-Paraffin | SE vay. 
B 
E.U, E.U. AH, 
19-05 5638 | 3-378 
19-79 | 6110 | 3-238 
20-05 6-328 3-168 
20-42 6-535 3123 
Cs. 20-63 6-715 3-118 
20-99 6-850 3-063 
21-26 6-948 3-060 
21-53 7-085 3-040 
21-78 7167 3-038 
22-33 73120 | 3-053 
Ci, 22-65 7-380 3-070 
Ci. 22-86 7-450 3-068 
23-04 7-495 3-074 
Cys 23-18 7-565 3-065 
| 
AE vay. AH, 
n-Paraffin | ng, ep | T,’ 
| O118 | 0-960 | 16-33 | 439 3-72 
C, 0-168 | LOLO | 17-84 4-62 3-86 
Cy | O210 | 1104 | 18-34 5-04 3-64 


connected with rigidity of the molecules of this com- 
pound. The liquid state of methane extends over a 
very narrow range of temperature. This behaviour 
appears to be quite general with rigid molecules. In 
ethane the entropy is negative, and the range of 
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ENTROPY CURVES FOR \-PARAFFINS ©,-€, 


temperature over which this compound exists as a 
liquid is greater than in methane. These factors are 
still more marked in the case of propane. 


isoParaffins 

Curves of — Ao v —log,, t for seven isoparaftins are 
shown in Fig 8, and the other constants are given in 
Table V. 

Neopentane, a highly symmetrical and relatively 
rigid molecule, owing to the close proximity of the 
four methyl groups, shows a positive configurational 


; 


entropy. The relatively mobile 2-methylhexane shows 
a highly negative entropy not very different from that 
of a n-paraffin. The configurational entropy of 2- 
methylpentane appears to be of the same order as 
that of isobutane and of isopentane. Increased 


isoParaffin 


isoButane . | 0-245 | 1-325 | 18-91 | 6-06 | 3-12 
isoPentane . . | 0210 | 1-350 | 18-72 | 6-17 | 3-03 
Neopentane 0-283 | 1-224 1831 | 566 | 3-06 
3-Methylpentane 0-203 | 1-273 | 19:12 | 5-82 | 3-05 
2,3-Dimethylbutane 0-231 | 1-311 | 18-95 | 6-00 | 3-16 
2-Methylhexane 0-198 | 1-408 | 19-58 | 643 | 3-04 
2,2,4-Trimethyl- 

pentane. - | 0-231 | 1-231 19-04 619 3-17 
branching in 2,2,4-trimethylpentane and 2,3-di- 


methylbutane leads to a further lowering of the 
configurational entropy. In the former the central 
C-atom allows a certain amount of flexibility absent 
in the latter. The increased stiffening of molecules 
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thus leads to a decrease in the negativity of the con- 
figurational entropy, which may become even positive 
with very rigid molecules. 


Aromatics 
This group presents a picture similar to that of the 
isoparaftin, as can be seen from Fig 9 and Table VI. 
Benzene, possessing a rigid structure, shows a 
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ENTROPY CURVES FOR SOME AROMATIC HYDROCARBONS 


Taste VI 


AH, 


Hydrocarbon } 
23RT's | 


Benzene 


0-318 1-324 19-73 6-05 3-26 
Toluene ; 0-249 1-255 19-79 5-74 3-75 
Ethylbenzene. 0-229 1-347 19-51 6-16 317 
o-Xylene | 0-245 1-287 19-93 5-88 3-39 
m-Xylene 0-218 | 1-220 20-09 5-58 3-60 
0-220 1-232 20-01 5-63 3:55 


p-Xylene 


positive entropy, and the substitution of a methyl 
group in toluene renders the entropy slightly negative. 
The negative character of the entropy increases for 
ethylbenzene and gives intermediate values for the 
xylenes. Amongst the latter, the entropy increases in 
the order 

ortho < para < meta 


RESULTS BASED ON REFERENCE TEMPERA. 
TURES OTHER THAN THE BOILING POINT 


For higher hydrocarbons the boiling point at 
atmospheric pressure may not be available, and it is 
necessary to choose a reference temperature without 
considering the equation of state of the liquid. In 
such instances equations (8) and (9) are applied. The 
data examined in the previous section have shown 
that in many instances ~ $ logo * is negative, and 
since the reference temperature 7'*, which has to be 
chosen in the absence of values for the boiling point, 
usually corresponds to + < 1 (logy, + < 0), 


_ AH, 
2-3RT* 2-3RT* 


255 
C, H,C,H, 
m=C,H, (CH,), 
/ 
/ 
(CH), + 
Taste V 
= 
| | | | 
c-c-C-C 
(9 
14) 
5 5) 
6) 
c-C-C 
¢ 
: 
02 
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This is best illustrated by examining data for com- 
pounds for which the values for the boiling point is 
available. For n-octane, with 100° C as the reference 
temperature, 


AH,/23RT* = 1-48, whilst AH,*/2-3RT* = 1-32 


with the same reference temperature for eicosane one 
obtains AH,/2-3RT* = 2-73 whilst SH*/2-3RT* — 
2-24. From equation (9) and the fact that log,, + < 0 
one must conclude that ¢, + ¢,* is positive, and hence 
either that c, > c,* if c,* is negative or that c,* as well 
as ¢, are positive. Both these cases arise in the two 
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ENTROPY CURVES FOR N-OCTANE AND N-EICOSANE WITH 
100° © AS REFERENCE TEMPERATURE 


examples cited, If —Ao* is calculated for n-octane 
and n-eicosane with 7'* = 373:2° K (100°C), the 
values shown in Fig 10 are obtained. For n-octane, 
for which the reference temperature 7'* is equivalent 
to + = 0-936, —Ao* is positive whilst for n-eicosane 
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T* is equivalent to + = 0-607 —Ac* is negative. 
The choice of the reference temperature can thus 
determine whether the entropy is positive or negative. 
In the two cases considered the reference temperature 


GRUNBERG : THE VISCOSITY OF LIQUID HYDROCARBONS 


02 


Fie 12 


referred to different states of molecular flexibility. 
Whilst at 100°C molecules of n-octane are probably 
crumpled to a large extent, molecules of n-eicosane 
are, at the same temperature, extended, and the sign 
of the entropy of the latter is that of stiff molecules, 
namely positive. 

The hydrocarbons present in lubricating oils have 
higher molecular weights and boiling points than n- 
eicosane, and the range of temperatures over which 
their viscosity is measured by standard methods lies 
usually between 37° and 100°C. These hydrocarbons 


15 
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are therefore likely to show positive configurational 
entropies, i.e. negative values of C,*, if the highest 
temperature of measurement, say 100° C, is chosen as 
the reference temperature. This can be seen from 
Figs 11, 12, and 13, on which log,, 4/* is plotted 


against 1), with — 373-2° K (100° C) for a 


number of hydrocarbons in the range C,, to C,,. 
Fig 11 gives curves for the C,, alkanes. The numbers 
denoting the curves are those assigned to the com- 
pounds in the collection of data by Grunberg and 
Nissan (71 : n-hexacosane; 72 : 3-ethyltetracosane ; 
73. to 76:n-butyldocosanes; 77 : 78-n-amylhene- 
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icosanes; 79: 11-(2,2-dimethyl-propyl)heneicosane ; 
82:5: 14-di-n-butyloctadecane), Fig 12 shows curves 
for some cyclopentanes (144 : n-(4-n-octyl)dodecyleyelo- 
pentane; 146 : heneicos-11-yleyclopentane ; 147 : n-(2- 
n-decyl)dodecyleyclopentane) and Fig 13 for a number 
of eicosyleyclohexanes. 

It should be noted that all the curves bend upwards 
from the tangent through origin, and hence that the 
configurational entropies are positive. 


A SIMPLE VISCOSITY-TEMPERATURE 
FUNCTION FOR HIGHER HYDROCARBON OILS 


For hydrocarbon oils in the lubricating oil range, 
viscosity data are usually available only at a few 
selected temperatures, and if the viscosity-tempera- 
ture relationships are to be expressed in terms of the 
equations proposed in the present paper a few simplify- 
ing assumptions must be made. 

The results reported here make it clear that an 
equation using two constants (equation (1)) cannot 
express the variation of viscosity with the tempera- 
ture, and the best one can do is to set up an equation 
with three constants, which require viscosity data at 
three temperatures. If these are available, the 
highest temperature can be used as the reference 
temperature. Suppose data are available at the 
absolute temperatures 7',, 7, and 7',, and that 
T,>T,>T7;,. If the temperature intervals are not 
too wide one can write 


(10 


T 
1) + K (11) 


Equation (11) is of the same form as equation (9), 
and in equation (10) it is assumed that between 7’, 
and 7’, the difference in configurational entropy is 
negligibly small. The factor H will be of the same 
order of magnitude as the more fundamental factor 
AH,*/2-3RT*, with 7, as the reference temperature 
T* and the factor K log,, 7/7, replaces the entropy 
factor C,*/R* log <*. From measurements at three 
temperatures it is thus possible to obtain the order of 
magnitude of the energy factor and the change in 
configurational entropy. 

Calculations were carried out for a number of 
hydrocarbons in the range C,, to C,,, using viscosity 
data at 100°, 80°, and 60°C. Table VII gives the 
results of the calculations and also values for 
AH,*/2-3RT*, with 100°C as the reference tem- 
perature. 

n-Hexacosane in the range 60° to 100° C consists 
probably of fully extended and relatively rigid 
molecules, and the configurational entropy is positive. 
In 3-ethyltetracosane the presence of the substituted 
group restricts the alignment of the part of the chain 
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and allows a certain degree of crumpling, and the 
entropy is hence negative. As the substituent group 
moves towards the centre of the chain in 7-n-butyl- 
docosane and still further in 9- and 1I1-n-butyl- 
docosane the chain stiffens by hindered rotation and 
the entropy factor becomes positive. 


Taste VII 


AH,* | of 


No, 
(entropy 


Hydrocarbon 


01765 +ve 
+0-0649 | 
+ 0-0081 

0- 3672 
— 00-6780 
— 04685 

04685 | 
03550 
+ 0-0609 | 
+ 0-0081 
+0-1278 
+ 0- 3630 
+ O-1197 
+ O-7860 
~- 06-6370 

00-1015 

o-1018 

06-2720 

0-O385 

0-0609 

O-OB812 
+ 03973 


2-473 
2-567 | 
2-720 
2-720 
2-620 
2613 | 
| 2488 
2527 
2-670 
2-650 
2-805 
2-660 
| 2000 
2-820 
3-040 
2-870 
2970 
3-060 
3-100 
3-140 
3-140 
3-230 
5-180 


2-518 
2738 
2-858 
2-818 
2-664 
2-645 
2-572 
2-504 
2-762 
2-780 
2-967 
2-667 
3-065 
2-997 
3-250 
2-786 
2-978 
$121 
8-104 
3-223 
5-186 
3-285 
3-205 


71 | m-Hexacosane 
72 | 3-Ethyltetracosane 

5-n- But yldocosane 

| 7-n- Butyldocosane 

| 9-n- Butyldocosane 

| 11-n-Butyldocosane 

| 11-n-Amytheneicosane 
11-Pent-3-yltheneicosane 

| | 
7-n- Hexyleicosane 

| 5,14-Di-n-butyl-octadecane 
9-n-Octylheptadecene-8 
n-(4-n-Octyldodeeyleyclopentane 
Heneicos-11-yleyclopentane 
n-(2-n decyl) dodec yleyelopentane 
Kicos-2-yleyelohexane 
Eicos-3-yleyclohe xane 
Kicos-4-yleyclohexane 
Kicos-5-yleyclohexane 
Kicos-7-yleyclohexane 
Kicos-9-yleyclohexane 
Heneicos-11-yleyelohexane 

n- Docosyleyclohexane 


in heneicos-11-yleyclopentane, 
the entropy is 


The same occurs 
whilst for n-docosyleyclopentane 
negative. 


DISCUSSION AND CONCLUSIONS 


The investigation has shown that the change of the 
viscosity of hydrocarbons with the temperature is 
greatly affected by structural factors. The simple 
exponential equation, which in many instances can 
be used for simple liquids, requires modification when 
configurational changes are brought about by an 
increase in temperature. This is achieved by separat- 
ing the free energy into two factors, and using a state 
of reference from which the entropy changes can be 
measured. The reference state most conveniently 
chosen is the boiling point at atmospheric pressure, at 
which it can be assumed that the degree of order at 
constant pressure is at a minimum. If this is done, 
then it is found that molecules which possess rigid 
structures give a positive configurational entropy, and 
hence that the free energy AZ incrsases with decreas- 
ing temperature. Molecules possessing some internal 
freedom of rotation, and particularly those in which 
crumpling or coiling up of hydrocarbon chains is 
possible, give a negative entropy, indicating that the 
free energy decreases with increasing temperature. 
In n-paraffins at lower temperatures stiffening of the 
chain reduces the negative entropy, causing a change 
of the slope of the entropy curve, particularly with 
odd-numbered chains. 

The reference state can be chosen at some arbitrary 
temperature without considering the equation of 
state of the liquid, but then it becomes more difficult 
to compare the results obtained for different hydro- 
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carbons. The principles outlined above, however, 
still apply. 

Since the single exponential equation cannot be 
readily applied to hydrocarbons, it is suggested that 
an equation containing three constants may suffice 
for characterizing the viscosity-temperature relation- 
ship of hydrocarbon oils. The magnitude of the 
constants and their sign give an indication of the 
configurational changes which a change of temperature 
brings about in hydrocarbon oils. 
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DISCUSSION 


Prof. A. H. Nissan: The physical chemistry of hydro- 
carbon liquids appears, at first sight, relatively simple, 
sastioutadhy where saturated compounds are considered, 
A deeper insight, however, invariably shows that this 
first view is deceptive and that there are many interesting 
complications due to the multiplicity of forms and shapes 
which compounds of similar imuuteny composition, or 
even one and the same compound, can take, These 
secondary complications are fine in character and require 
tools of high resolution to detect them at first and study 
them afterwards, Such tools as spectroscopy in one of 
its manifold forms have been mors effectively, but it is 
always a gain to knowledge that independent methods 
should be made available to measure and study these 
properties, particularly if the method is relatively simple 
in technique and appeceten, The measurement of 
viscosity is such a method—at least, it has become simple 
thanks to the continued efforts of the Institute of 
Petroleum and the ASTM in evolving standard though 
very accurate techniques. Mr Grunberg has now given us 
another key by which we can open a door and look in, 
as it were, on the hydrocarbon molecule to see how it 
appears and behaves in its most complicated state, namely 
the liquid state. 

I have a few questions to ask, but before doing so 
would like to draw attention to one or two facts. In 
Fig 2 we see a plot which is reminiscent of a comet with 
# head in the left-hand bottom corner and a fine brush of 
a tail in the opposite one-——what one may call the Grun- 
berg Comet. When I first attempted this plot 15 years 
ago, data were not available to give all these details, and 
the curve that I obtained at the time was that shown in 
Figs 14 and 15. It will be noticed that the tail is 
missing simply because the viscosity at low temperatures 
for Os, Cy, and C, was not available. Accordingly, | 
drew a mean curve and fitted an equation to represent 
this curve, the equation given as equation (7) in the 
paper. At the time I thought that this equation fitted 
the results for all members “ above the first few "’ by 
which I meant the first four; I knew that it did not fit 
results for the lower members. Fig 2 shows that if 
Cs, Cy, and C, are omitted the equation still gives a toler- 
able representation of behaviour for the rest of the 
vaseline. In other words, the equation fits members 
above C, instead of C;. IT am drawing attention to this 
fact, not because I want to justify equation (7) in any 


sense, but to illustrate another side of the picture that 
we are discussing tonight. In the paper, Mr Grunberg 
is concerned with a study of the fine differences between 
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T/T = ABSOLUTE BOILING TEMPERATURE / ABSOLUTE TEMPERATURE OF MEASUREMENT 


members of each series and between members of different 
series. Equally interesting is a study of the similarities 
obtained. Thus, it is a notable fact that even with the 
more accurate data, members of the n-paraffin series 
from C, upwards to Cy», give an almost identical curve 
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when plotted in this manner. More than that, Mr 
Grunberg and I have extended this plot up to the critical 
point as shown in Fig 16. Again it is seen that at the 


Fie 15 


saturation pressure the liquids give a remarkably close 
concentration of points. Finally, it is equally interest- 
ing to observe that in going beyond the critical point into 
the gaseous regime and down again in temperature, we 
obtain, once again, a very close approximation to a single 
curve, In studying the differences that exist we must 
not lose sight of the fact that there is still a lot to be done 
in explaining the similarities which are observed. I would 
like to ask Mr Grunberg three specific questions on this 
side of the picture : 


(1) Has the new API work materially affected 
the picture in its broad rather than its detailed aspect 
of the similarity of the behaviour of this vast number 
of compounds when plotted against 7'/7',? 

(2) Would he say a few words about what he 
thinks to be the reason why the molecules in the 
vapour state give us this similarity? 

(3) He will no doubt remember that we have con- 
nected the vapour with the liquid viscosities by the 
following equation at equal values of 7'/7',. 


log sat. cap. = — 46965 — 0-2040 log (Asat, lig. 


Would he care to let us have his views about the signifi- 
cance of such an equation in terms of the internal energy 
and entropy of the molecules? 

It will be thought that I have strayed away from the 
paper in asking these questions, but I hope it will be 
agreed that it is necessary not to forget the broad similari- 
ties which exist when we are engaged in studying fine 
differences. Coming to the differences themselves, I 
would like to ask Mr Grunberg to amplify one or two 

ints. Referring to equation (5), can Mr Grunberg 
et us know in a little more detail how C,, which is a 
specific heat factor and not the specific heat of the liquid, 
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correlates with the measured specific heats of these 
liquids at different temperatures ? The reason I ask for 
this is, I believe, evident in that if we can have an explicit 
relationship between this factor and specific heat of 
liquids at constant pressure we shall then be able to 
compare the results of viscometric studies with those of 
specific heat measurements and confirm our picture of 
molecular behaviour or otherwise find differences in our 
views of their shapes and configurations. It will also 
make it possible to visualize more explicitly the signifi- 
cance of a negative C,. 

My next question is again a request for amplification. 
Both for neopentane and benzene we have an entropy 
change which, if my understanding of the paper is correct, 
shows that there is a decrease of entropy of configuration 
with rise in temperature or, in the terminology of the 
paper, an increase with a drop in temperature. Can the 
author clarify the physical picture of how this state of 
affairs can be envisaged, since it appears to be a general 
rule for the so-called rigid structures? 

Finally, I would like to refer to the section dealing with 
reference temperatures other than the boiling point, I 
am sorry to see that the sign of the entropy term is so 
arbitrary and depends in such a fortuitous manner on 
the choice of the temperature which is made. As Mr 
Grunberg explained, this is entirely due to the fact shown 
in equation (9) that AH,* has really a little bit of entropy 
term in it, and this appears to upset the “ apple cart.” 
I would like to ask Mr Grunberg if he had estimated 
the internal energy terms as well as the entropy term 
more directly than was done in the paper, would he 
have obtained a more definite result? By this | mean 
that if we first of all determined AK yj, from the viscosity 
curve at different temperatures, then plotted this term 
against the temperature, and once again differentiated 
with respect to temperature, we would, of course, have 
got definite values for the internal energy and the entropy 
terms making up AEZ,,. Such a method is long and 
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tedious and suffers from the errors of two graphical 
differentiations, but would it give us absolute values for 
the terms we are trying to evaluate? Furthermore, 
would such a method be more revealing than the present 
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one in indicating explicitly whether AH, is truly invariant 
with temperature or whether it is somewhat dependent on 
the temperature at which we measure our values because 
we are working at constant pressure rather than at con- 
stant specific volumes? Finally, if AH, were to be found 
temperature dependent, would it be possible to subtract 
from it a term for (PAV) and obtain a temperature- 
invariant AH? 


L. Grunberg : I must start my reply with a disclaimer : 
my own contribution to Fig 2 was only of a minor char- 
acter, since the method of plotting had been worked out 
by Professor Nissan and the data had been provided by 
the API. An appropriate name for the figure would 
therefore be the ‘ API galaxy,”’ in which the “ Nissan 
constellation ” shines prominently. His contention that 
this method of plotting brings out similarities in behaviour 
of various hydrocarbons is perfectly correct. The present 
paper has attempted to show that within the framework 
of that method it is also possible to interpret differences in 
behaviour. The paper also shows that the new API data 
have not sectentalie affected the correlation of viscosity 
on the basis of 7'/7',, i.e. t. Figs 14 and 15 illustrate 
the small number of data on which the original correla- 
tion was based, and it is gratifying to note that the latter 
has not been upset by the large amount of data produced 
by the API, 

Professor Nissan has mentioned our extension of the 
correlation to temperatures between the boiling point and 
the critical temperature, as shown in Fig 16. The 
reason for the good correlation is probably owing to the 
fact that the shape of the n-paraffin chains does not 
change over this range. The ‘ crumpling”’ of the chains 
is almost completed at the boiling point, as indicated by 
the constancy of the ratio of AL,,,/H, at this point. It 
is perhaps important to mention that equation (7) is 
not applicable to values of t>1 as indicated by the line 
marked ‘ equation" in Fig 16, Equation (7) represents 
the first members of an infinite series in increasing powers 
of t, which converges only for t*<1, 

The correlation of the viscosity of the saturated vapour 
with that of the liquid seems to indicate that a law of 
rectilinear diameters exists for log 7, between 7', and 7',, 
similar to the law of Cailletet and Mathias for the density 
v. the temperature, It is therefore possible to give an 
explanation by analogy with that for the latter, in which 
it is assumed that the vacant sites or ‘‘ holes ’’ in the 
liquid phase correspond to the molecules in the vapour 
phase, Since log 7 stands essentially for AL, it can be 
assumed that the AH#-term characteristic of the licuid 
phase, has a corresponding negative term, characteristic 
of the vapour phase, This negative energy term is 
responsible for the deviation of the viscosity of the 
vapour from that predicted by the simple kinetic theory 
of gases. 

The relationship between the specific heat factor and 
the normal specific heat is best understood with reference 
to Fig 17, which shows these data for n-hexane. ‘The 
bottom part of the figure shows the specific heat factor 
as derived from viscosity data, marked C(n), similar to 
those for n-pentane and n-eicosane given in Fig 6 of the 
paper, The curve marked C(H) is the specific heat as 
observed from heat capacity measurements, It can be 
seen that between + = 0-5 and 0-6, C(n) rises steeply, 
whilst C(H) changes only slightly, Between + = 0-6 
and 0-90(q) changes only slightly, whilst C(/) rises 
rapidly. The variation of the factors is therefore com- 
plementary, and the sum of these can be expected to be 
a much simpler function of the temperature than either 
of the factors separately. As shown in Fig 17 the sum 
[C(m) + C(A)) gives a straight line when plotted against 
+. For n-hexane 


O(n) + C(H) = 20+ + 30 cal. mol" degree 
In order to discuss the change in the sign of the specific 
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heat factor referred to by Professor Nissan it is necessary 
to recapitulate briefly the main factors which determine 
the change of viscosity with the temperature. These 
are : 

(a) intermolecular forces ; 

(b) order—disorder changes ; 

(c) molecular flexibility. 


The way in which these factors express themselves in the 
particular representation adopted in the paper can be 
understood from Fig 17, in which log yn, is given as a 


function of : == 1, The melting point of the substance 


is represented by the top right-hand corner of the dia- 
gram. If the substance consists of rigid molecules, then 
the liquid range is rather narrow and the boiling point is 
reached at the first set of co-ordinates. At this point 


Cum) Cs) 


a 


Fie 17 


the tangent through the origin lies below the curve, and 
the difference between the straight line and the curve is 
negative leading to a negative specific heat factor. This 
is due to changes in the intermolecular forces and in the 
degree of order. With flexible molecules, the liquid 
range is increased and the co-ordinates are displaced to 
the left and downwards until a stage is reached where the 
tangent through the origin lies above the curve and the 
difference between the straight line and the curve is 
positive, giving a positive specific heat factor. The 
flexibility of the molecules swamps the effects of the inter- 
molecular forces and the degree of order. 

The method of evaluating the entropy changes illu- 
strated in Fig 18 is preferable to the method of double 
differentiation suggested by Professor Nissan. I have 
tried the latter method and found it a rather coarse tool 
for the investigation of fine differences. Fig 18 also 
provides an answer to the supposed arbitrariness of the 
sign of the entropy when using a reference temperature 
other than the boiling point, Choosing a lower reference 
temperature is equivalent to moving the co-ordinates 
upwards and to the right, If the reference temperature 
is very much lower than the boiling point the co-ordinates 
may be shifted to a range in which the flexibility of the 
mslendion is reduced and the sign of the entropy is 
reversed. This is well illustrated in the paper for n- 
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eicosane with 100° C as the reference temperature. Thus, 
whilst the choice of the reference temperature may be 
arbitrary, the result obtained is not, since it refers to the 
particular state of the liquid in the range of temperatures 
considered, 

The energy AH, does not vary with the temperature, 
since it is the free energy at the boiling point. It would, 
however, be useful to investigate the negative specific 
heat factor of rigid molecules in relation to the change of 
volume. This is not at all easy, since the change in 
volume would have to be divided into a part associated 
with the change of intermolecular distances (causing a 
change of the intermolecular forces) and a part involving 


"e ‘a 
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18 


the change in the number of unoccupied sites or “ holes’ 
(connected with the change in the degree of order of the 
molecules in the liquid). 


Dr R. J. Russell: I would like to ask Mr Grunberg a 
question concerning negative entropy. It appeared to 
me that in the whole paper this was the most difficult 
thing to understand, and it appears that Professor Nissan 
agrees with me. From Mr Grunberg’s argument, it 
also appears that the derivation of the activation energy 
assumed that at the boiling point and close to the boiling 
oint, there is no change of order in the liquid. I should 
an thought that if a change of order was assumed a 
larger activation energy would be obtained and the 
necessity for a negative entropy would probably dis- 
appear. The change in the shape of the entropy curve 
with change in reference temperature might also be 
avoided. I would like to know if Mr Grunberg has 
considered this possibility. 


L. Grunberg: I think Fig 18 amply illustrates how the 
negative sign arises. The change of order which arises 
at the boiling point is that of a complete change of phase 
during the process of vaporization. The only possible 
assumption which can be made is that the slope of the 
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tangent to the curve at the origin is a measure of the free 
energy of activation at the boiling point. 


Dr R. J. Russell: | take it that by using the tangent at 
the origin, the assumption is that there is no change in 
AS near the point where the activation energy is derived. 
If this is not so, the activation energy could be larger. 


L. Grunberg: There can be no change of AS at the 
reference temperature at which the energy is derived, 
since the change in AS is taken as the difference between 
the entropy term at any one temperature and that at the 
reference temperature, The free energy of activation at 
the reference temperature cannot be greater than that 
obtained by the method used in the paper. 


| was interested to hear Professor 
Nissan say that the hydrocarbon molecules are not really 


G. H. Thornley: 


as dead as the text books would have us believe. That 
recalls to my mind a statement by Ricardo many years 
ago, in a paper on diesel engines. He referred to their 
lubrication systems, whereby the crankshaft bearings 
and, through a drilled connecting rod, even the small end 
bearings are lubricated by oil which has to get there by 
registering with a hole in the main crankpins, and, for the 
small ends, in the big end crankpins as well. He said it 
was rather odd that the oil, after slumbering in the bosom 
of Mother Nature for millions of years should still have the 
agility to leap aboard. 

On the question of stretched molecules, which become 
coiled, I think Mr Grunberg indicated that they become 
coiled as they approach boiling point. At a recent 
meeting of the London Branch, some explanation of the 
mechanism of the behaviour of viscosity index improvers 
was being sought, and different opinions were expressed, 
One view, which did not seem to receive universal accep- 
tance at the meeting, was that the long chain molecules 
of the high polymers are, I think, stretched and long at 
low temperatures, and become coiled as the temperature 
increases. Just in what way that would explain how 
we get a lesser increase in viscosity at low temperatures 
than we would have expected, and a greater increase in 
viscosity at high temperatures, I do not quite know. I 
am sure Mr Grunberg will tell us that it is either all 
nonsense or capable of a clear explanation. 


L. Grunberg: I believe there may be something in the 
argument that the molecules of V.I. improvers change 
their shape with the temperature, much in the same way 
as the molecules of slennte hydrocarbons which we have 
been discussing. The situation in oils containing V.1. 
improvers is complicated by the large size of the “ge ded 
molecules and the fact that probably two separate phases 
are present, One then deals with colloidal systems, not 
amenable to simple interpretations. 


W. Barker: Does the fact of the chains crumpling 
up, as you put it, affect the Newtonian properties of 
hydrocarbons? 


L. Grunberg: ‘There have been suggestions that hydro- 
carbon liquids consisting of elongated molecules would 
show non-Newtonian behaviour at very high rates of 
shear, owing to the tendency of the molecules to orientate 
themselves in the direction of flow. If this situation 
arises, then the “crumpling”’’ of hydrocarbon chains 
would shift the point at which non-Newtonian behaviour 
could occur to higher temperatures. This shift would 


also manifest itself independently of the shape of the 
molecules, since it has been suggested that non-Newtonian 
behaviour of ordinary liquids may set in when the rate 
of shear approaches values of the order of the thermal 

t the molecules divided by the intermolecular 
The order of magnitude of the rate of shear 


velocity o 
distance. 
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at which non-Newtonian behaviour may be possible 
would be about 107 sec. 


Prof. A. H. Nissan: When dealing with ultrasonics it 
is necessary to remember that what is called the second 
coefficient of viscosity may be taking part. A discussion 
on the phenomena associated with the second coefficient 
of viscosity and with phenomena observed when liquids 
are irradiated by ultrasonics took place at the Royal 
Society either in 1953 or 1954 and appeared in their 
Proceedings. 


Dr A. 8. Freeborn: I should like to ask Mr Grunberg 
whether he can tell us anything more about crystalliza- 
tion in liquid hydrocarbons. Is it possible to say what 
perennnage of the molecules are “ crystallized’ in the 
iquid? 


L. Grunberg: When talking about the degree of order 
in @ liquid or ite “ erystallinity ’ one must avoid thinking 
in terms of well-defined crystallites floating in an other- 
wise uniform medium. The ordered structures are 
transitory and change in time as well asin space, There 
exists a dynamic equilibrium between the ordered and 
the disordered regions of the liquid. It is difficult to give 
a definite figure for the extent to which the ordered 
arrangement of the molecules in the crystal are preserved 
after melting. The increase of volume during melting 
is only of the order of 10 to 15 per cent, and such a small 
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increase in volume can be associated only with a relatively 
small disarrangement of molecules. 

In the particular case of water, it is possible to assess 
the extent to which the order is preserved after melting. 
This is done by estimating the percentage of unbroken 
hydrogen bonds, since in the disordered regions only van 
der Waal’s forces would exist. Professor Nissan and I 
have calculated that between 70 and 80 per cent of the 
hydrogen bonds are preserved after melting. Similar 
calculations cannot be made for hydrocarbons, since the 
same type of forces exist in the ordered and disordered 
arrangements. 


Dr A. 8. Freeborn: Is that an indication of the fact 
that the bond is not anything like as strong as in water? 


L. Grunberg: Yes, that is right. In hydrocarbons the 
intermolecular forces are all of the van der Waal’s type, 
whilst in water one also has hydrogen bonds, which are 
very much stronger. 


. H. Thornley: It is now my very pleasant duty to 
thank Mr Grunberg for his paper. am sure you will 
agree with me that the thanks of all of us who are in- 
terested in petroleum are due to people like Mr Grunberg 
and Professor Nissan, who apply their minds to these 
abstruse things. 


The vote of thanks was accorded with acclamation. 
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important industrial hydrodesulphurization processes. 


DESULPHURIZATION OF GAS OILS BY CATALYTIC 
HYDROGENATION * 


By W. C. vAN ZIJLL LANGHOUT,? G. J. F. STISNTJES,+ and H. I. WATERMAN ¢ 
(with the collaboration of C. BOELHOUWER ¢ and W. C, pe RHOTER f) 


SUMMARY 


The significance of desulphurization in the petroleum industry is discussed, and a review is given of some 
Thermodynamic calculations of the possibility of de- 


sulphurization and dehydrogenation reactions in distinct simplified systems (mixtures of equimolecular amounts 
of methyl thiophene, methyleyclohexane and hydrogen) show, that in the equilibrium, at a certain temperature, 


a total pressure can be calculated at which no production or consumption of hydrogen occurs. 


This forms the base 


of the so-called ‘* Autofining ’ process, in which mineral oils are desulphurized by hydrogenation, whilst the 
necessary hydrogen is obtained by dehydrogenation of the naphthenes in the feed. 
A description is given of desulphurization experiments on Middle East gas oils in the gas phase, using a Co-Mo 


Al,O,-catalyst. 


At a constant temperature (375°C) and contact time (9 sec), the influence of pressure and 
W.H.S.V. (weight hourly space velocity) were investigated. 


Pressure increase (26-91 atm abs) improved de- 


sulphurization of the oils, increase of the W.H.S.V. (1-5-5-4 kg feed per | of catalyst per hr) showed the opposite 


effect. The catalyst was very selective : 


higher pressures (approx 150 atm). 


DESULPHURIZATION of mineral oils and the products 
derived therefrom nowadays is of great importance to 
the petroleum industry. The production of crude oils 
with a high-sulphur content has been increased in 
recent years. 

Sulphur removal in the past was applied mostly to 
low-boiling fractions, e.g. gasoline and kerosine. By 
the ‘‘ sweetening ”’ of these fractions the corrosive and 
malodorous thiols are transformed into dithioalkanes. 
To increase the lead susceptibility and also to prevent 
the formation of corrosive oxidation products it is de- 
sirable to remove all the sulphur compounds. 

In diesel fuels the sulphur compounds have an un- 
favourable influence on wear and engine cleanliness. 
Owing to the increasing number of catalytic cracking 
units the production of cycle oils is also increasing, and 
these oils are often used for blending purposes for the 
production of diesel fuels. Generally, the cycle oils 
have a high sulphur content. Therefore the de- 
sulphurization of higher boiling petroleum products, 
e.g. diesel fuels, has become more necessary. In most 
cases, the conventional processes cannot be applied to 
the desulphurization of the heavier fractions, 

One of the reasons for this is that the sulphur com- 
pounds of the higher boiling fractions are generally of 
the non-reactive cyclic type, whereas thiols are absent 
or present only in very small quantities. 

Generally, the sulphur content of the heavier 
oil fractions is higher than that of gasoline and 
kerosine. 

Desulphurization therefore causes a large loss of 
chemicals, whilst also other specific difficulties have to 
be conquered. Moreover, there is a considerable loss 
because the sulphur compounds are removed as such, 
for instance in the solvent extraction processes, and 
there is not yet a wide field of application for the sul- 
phur concentrates. 


* MS received 9 February 1955. 


hydrogenation of the aromatics took place to a small extent only at 
Cracking was of no importance under the conditions of the experiments. 


In recent years, many oil concerns have studied 
catalytic hydrodesulphurization on a laboratory scale 
and also in pilot plants. From the high-pressure tech- 
nique applications in the field of preparation of liquid 
fuel from coal and brown coal, and also from the cata- 
lytic transformation of heavy oil residues into lighter 
fractions, it was known that there was very consider- 
able desulphurization. This knowledge, however, 
could not be applied for the development of an eco- 
nomically justified catalytic hydrodesulphurization 
process. The reasons were the high capital invest- 
ment for the high-pressure equipment, the considerable 
consumption of hydrogen, the necessary energy for 
the recycling and heating of the hydrogen, and the 
cost of the catalyst. 

Furthermore, saturation of aromatics and excessive 
cracking were undesirable side reactions. By the 
study of several catalytic reforming processes a 
thorough knowledge of dehydrogenation of naphthenes 
was obtained. In many reforming processes the chief 
reaction was the formation of aromatics by dehydro- 
genation. A principal way of producing hydrogen was 
thus available. The British Petroleum Co. Ltd. (Anglo 
Iranian Oil Co, Ltd.) has developed a process named 
“ Autofining,” in which the hydrogen which is neces- 
sary for the desulphurization is produced simultane. 
ously by the dehydrogenation of the naphthenes 
present in the feed.' 

The energy consumption and the capital invest. 
ment for the recirculation and the reheating of the 
hydrogen have to be minimized. It is even possible to 
reduce the quantity of hydrogen below the quantity 
which is necessary to keep the oil in the vapour phase. 
The process in which this possibility is realized has 
been developed by the Royal Dutch /Shell group.** It 
involves the application of the “ trickle ’’ technique, a 
large proportion of the oil being in the liquid phase. 


t Institute of Chemical Engineering, The University, Delft, Holland. 
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The catalyst ought to be cheap and mechanically 
strong; in many cases the catalyst should have a 
certain selectivity towards the desulphurization of the 
sulphur compounds, 

In the present paper, a survey is given of the research 
work which has been done in the field of catalytic 
hydrodesulphurization, chiefly of heavy oils. 

The oil, together with hydrogen, passes through a 
catalyst; hydrogen sulphide and hydrocarbons are 
formed, Afterwards, the desulphurized oil has to be 
separated from the hydrogen. 

Catalysts are generally metal oxides or sulphides of 
the elements of the sixth or eighth group of the periodic 
system, supported or non-supported, 

In the research work of the Union Oil Co. of 
California * for the catalytic desulphurization of gas- 
olines, experiments were carried out for instance with 
catalysts consisting of CoO and MoO,, deposited on 
bentonite, It was proved that the CoO—bentonite and 
MoO,-bentonite catalysts were less active than a 
catalyst consisting of a physical mixture of CoO and 
MoO, on bentonite as a carrier. The activity of the 
latter was greatly surpassed by a catalyst composed 
of a chemical compound, cobalt molybdate (CoMoQ,), 
and bentonite as a carrier. 

Hoog ® and collaborators also studied catalysts 
which were prepared from the oxides of cobalt and 
molybdenum on supports, ¢.g. aluminium oxide and 
bauxite. The proportion of Co to Mo and its relation 
to the activity of the catalyst in hydrodesulphurization 
were taken into consideration. The catalyst with the 
highest activity contained less cobalt than molyb- 
denum (atomic proportion Co—Mo equal to 1:5). The 
catalyst life was long. Hydrogenation experiments 
with this type of catalyst, working with pure sulphur 
compounds in sulphur-free paraffinic oil, showed that 
there was hardly any cracking and hydrogenation of 
the aromatics. 

A mixture of cobalt and molybdenum oxide, a com- 
pound containing cobalt, molybdenum, and oxygen or 
a mixture of the oxides with the compound on supports, 
such as bauxite and aluminium oxide, are mentioned 
as catalyst for this process.*7%1!916 Catalysts, 
such as tungsten nickel sulphide '? and molybdenum 
sulphide '* when compared with the catalysts 
mentioned above, show certain disadvantages, chiefly 
in connexion with the desired selectivity. 

Nickel oxide on supports, for instance kieselguhr,'® 2° 
may have a sulphur-alkene selectivity, i.e, desulphur- 
ization of the oil occurs without any hydrogenation of 
the alkenes. The addition of alkali salts to catalysts of 
the oxide type on supports, such as aluminium oxide 
and bauxite, might also prevent the hydrogenation of 
the alkenes in the hydrodesulphurization process.” 
Other proposed catalysts are, for instance, Fe, Ni, or Co 
oxides supported by aluminium oxide and kieselguhr *! 
and aluminium oxide and molybdenum oxide on 
Al,O,.° The mechanism of the desulphurization has 
been studied among others by Hoog.™ In_ this 
investigation Middle East gas oils were treated in 
gas phase at 375° C and pressures of 11 to 51 atm abs 


with hydrogen in the presence of a Co-Mo-aluminium 
oxide catalyst. 


Three of the processes which are suitable for the 
desulphurization of higher boiling oil fractions and 
which have reached the commercial stage are dis- 
charged here, namely the “ Autofining ’’ process of the 
British Petroleum Co, Ltd.; the cobalt molybdate 
process of the Union Oil Co. of California; and the 
trickle process of the Royal Dutch /Shell group. 

The * Autofining ’’ process of the British Petroleum 
Co, Ltd.’ 27 can be defined as a desulphurization 
process for petroleum distillates by catalytic hydro- 
genation, in which the sulphur compounds are trans- 
formed with hydrogen into hydrogen sulphide and 
hydrocarbons. The hydrogen was obtained by de- 
hydrogenation of the naphthenes present in the feed. 
The oil, together with gas containing hydrogen, is 
passed over the catalyst; desulphurization and de- 
hydrogenation occur. After cooling the gas and the 
liquid are separated and the gas recirculated. The 
hydrogen sulphide is not removed from the circulating 
gas. The hydrogen sulphide, which is dissolved in the 
liquid and which is in equilibrium with the hydrogen 
sulphide in the gas, is regularly carried away by the 
reaction product. The majority of the oils can be 
economically desulphurized by this process. The 
reaction conditions are as follows : ! 


Pressure . 5-15 atm 

Temperature. 400°-430° C 

Velocity of feed (L.H.8S.V.) 1-5 litres of oil (0° C)/litre of 
catalyst /hr 

350-700 litres of hydrogen (0 
and | atm)/litre of oil (0° C) 


Gas rate . 


The dehydrogenation of the naphthenes to aromatics 
is enhanced by the increase of temperature; the 
increase of pressure decreases the production of hydro- 
gen. Desulphurization is promoted by the application 
of high hydrogen partial pressures. For practically 
all oils the temperature of about 410° C gives the best 
desulphurization. Above 430° C the product becomes 
strongly aromatic, and there is also considerable 
cracking, which is undesirable for the quality of the 
product. Moreover, if too high temperatures are 
applied, by the covering of the catalyst with carbon- 
rich products, the activity is lost more rapidly.?? 

Higher boiling oil fractions, such as gas oil, generally 
contain more sulphur and also have a more narrow 
range of temperature and pressure which facilitates 
economic desulphurization. Naphtha and kerosine 
behave differently in this respect. By the use of oil 
fractions (gas oils) with a wide boiling range this diffi- 
culty can be partly avoided. The hydrogen which is 
liberated by the dehydrogenation of the naphthenes 
from the lower fractions reacts with the sulphur com. 
pounds from the higher fractions.*° The L.H.S.V. 
(litres of oil (0° C) per litre of catalyst per hour) is a 
factor of economic importance. With naphtha and 
kerosine, higher feed rates can be applied (5-1/I/h) ; 
for the heavier sulphur-rich oil fractions the L.H.S.V. 
may not be higher than I-I/I/h. Otherwise the 
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DESULPHURIZATION OF GAS OILS 


desulphurization of the heavy oils becomes too low. 
The gas rate (litres of hydrogen (0° C and | atm) per 
litre of oil) has not a very great influence on the degree 
of desulphurization, and therefore should be kept as 
low as possible, and this also results in a saving in 
energy costs. After a relatively short time the cata- 
lyst loses its activity (about 1000 hr for naphtha and 
kerosine and about 200 hr for gas oil). Regeneration 
is done in situ by steam-—air or inert gas—air mixtures. 

At the beginning of the first period the catalyst is 
less active,' ** but after a part of the catalyst has been 
sulphidized during the process or by a pretreatment 
with gases containing hydrogen sulphide, the maximum 
activity is reached. The overall heat of reaction is 
practically zero, the heat liberated by the desulphur- 
ization reactions being balanced by the loss of heat 
by the dehydrogenation of the naphthenes. Naphtha 
and kerosine in this process are almost completely 
desulphurized.** 2526 The sulphur removal from gas 
oil is 50 to 70 per cent, depending on the L.H.S.V.,': 28 
whilst oil residues are much more difficult to de- 
sulphurize ** by this process. 


Of more recent date are the investigations of the 
British Petroleum Co, Ltd., in which a gas oil was more 
than 40 per cent desulphurized at 427° C, 50 atm and 
a liquid hourly space velocity of 5 litres of oil/litre of 
catalyst/hr. The catalyst was of the Co-Mo-alu- 
minium oxide type. Recirculation of hydrogen was 
not applied in this case, the greater part of the oil 
passing in the liquid phase over the catalyst; ** the 
hydrogen of the dehydrogenation is used for the 
desulphurization reactions. 


The “ trickle ” process of the Shell Group * * seems 
to give savings of 15 to 20 per cent for the capital 
investment compared with the analogous gas phase 
process.** Working in the gas phase the recirculation 
of hydrogen must be high enough to ensure that all 
the oil can be brought into the vapour phase, This 
condition is not necessary in the “ trickle ’’ process. 
The oil flows in a thin film down the reactor over a 
solid catalyst bed.*:+3537 This enables a low hydro- 
gen circulation to be used. The result is a decrease in 
the energy consumption of the recycle hydrogen com. 
pressors. A reduction in the heat transfer surface 
area is also possible in this process, for a much smaller 
amount of heat has to be transferred. 

Gas oils and cycle oils (obtained in catalytic cracking) 
with a high sulphur content are desulphurized to the 
extent of 85 to 90 per cent; the cetane number of the 
cycle oil increases. After desulphurization the cycle 
oils are extremely useful as a feed for catalytic cracking. 
Furthermore, by the decomposition of the sulphur com- 
pounds in the desulphurization process gasoline with 
a high aromatic content is formed, The hydrogen 
sulphide formed during the process may be used for the 
sulphur production. The conditions of the process 
for the treatment of, for example, a light catalytically 
cracked cycle oil, with a boiling range of 240° to 340° C 
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and a sulphur content of 3-1 per cent weight, are as 
follows : 


Pressure 50 atm 
Temperature 375° C 
L.H.S.V. 1-1 litres of oil (0° C)/ litre of catalyst /hr 


Gas rate 250 litres of hydrogen (0° C and 1 atm)/ 


litre of oil 


Under these conditions a desulphurization of 94 per 
cent may be obtained in the example given. 

The maximum desulphurization was obtained when 
the hydrogen recirculation was such that only the 
transition conditions (break point) of the “ trickle ” 
and the gas phase process occur. If, at a given 
L.H.8.V., pressure, and temperature, the hydrogen rate 
is increased, so that the gas phase process starts, the 
desulphurization decreases as a result of the decrease 
of the contact time and the lower oil vapour partial 
pressure, At gas rates below the break point the 
desulphurization decreases, which is probably caused 
by the lower mass-transfer rate in connexion with the 
resistance of the liquid film on the catalyst surface, 
At a very low hydrogen recycle rate the decrease in 
desulphurization will be caused by the lower hydrogen 
partial pressure existing in the lower part of the reactor 
(downstream).” 

The influence of hydrogen sulphide in the recircula- 
tion gas on desulphurization is generally so smali that 
removal of hydrogen sulphide is not necessary. Light 
hydrocarbons in the recirculation gas have a small but 
distinct influence on desulphurization. If oils with a 
high percentage of sulphur are to be treated, the 
quantity of hydrogen consumed may be so large that 
the light hydrocarbons have to be removed from the 
gas, 

In this process the aromatics are hardly hydro- 
genated at all, but the hydrogenation of the alkenes 
cannot be avoided. A very high pressure (150 atm) is 
necessary to remove the nitrogen compounds, for 
instance from shale oil. 

The low decrease of activity of the Co-Mo-bauxite 
catalyst is very important; the catalyst life is of the 
order of one year. The reactor is subdivided into a 
number of catalyst beds,” between which a part 
of the cold charge oil can be introduced, Thus, the 
excess of hea of the exothermic desulphurization re- 
action can be removed. The number and the height 
of the catalyst beds required depend upon the sulphur 
content of the feed and upon the degree of desulphur- 
ization desired. In the processing of oils poor in 
sulphur there is no necessity to introduce oil between 
the catalyst beds. 

The cobalt molybdate process of the Union Oil Co. 
of California (“ unifining ’’) does not differ much in 
principle from the ‘* Autofining "’ process,’ only in this 
case hydrogen is used from the outside, which is differ- 
ent from the process of the British Petroleum Co, Ltd. 
In “ unifining * no heat from the outside is necessary. 
The temperature at which the oil feed enters the 
reactor depends on the sulphur content and the degree 
of unsaturation of the oil. Above 260° C the hydrogen 
reactions start, as a result of which the temperature 
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may rise to 340°C. Above this temperature the 

desulphurization starts. In this process, too, the 

aromatics are hardly hydrogenated. Cracking cannot 

be completely avoided. The conditions for this process 

can be illustrated by an example which refers to an oil 

with a boiling range of 80° to 500° C and a sulphur con- 

tent of 3-5 per cent weight. 

Average bed temperature 450° C 

Reactor pressure . 110 atm 

1,.H.8.V. (liquid hourly) 3-2 litres of oil (0° C)/litre of cata- 
apace velocity lyst /hr 

Hydrogen consumption , 200 litres of hydrogen (0°C, 1 

atm) /litre of oil (0° C) 


Desulphurization . 99 per cent 


The catalyst life is short, ¢.g. 150 hr. Regeneration 
is therefore always necessary. To avoid this draw- 
back a continuous process has been developed by the 
Union Oil Co. of California. This process, named 
* hyperforming,”’ *’ is based on almost the same 
principies as the T.C.C. (Thermofor Catalytic Cracking) 
processes. The catalyst is brought to the top of the 
reactor and then proceeds downflow and in counter- 
current with the oil. The catalyst which leaves the 
reactor is then brought to the regenerator, in which 
the deposit of coke is removed by controlled oxidation 
of the carbon. The combination of a moving bed in 
the regenerator, together with controlled oxygen con- 
tent in the flue gases, limits the temperature rise. 


THERMODYNAMICAL CALCULATIONS OF 
DESULPHURIZATION REACTIONS 


Thermodynamic constants of different sulphur com- 
pounds have been published, No data, or only a very 
few, are available for the cyclic compounds of the 
benzothiophene and dibenzothiophene types. Pre- 
cisely these compounds are present in higher boiling 
oil fractions, Therefore, for the study of desulphuriza- 
tion the hydrogenation of 3-methylthiophene has been 
studied, It has been proved that for the reactions (1) 
and (2) below 800° K the equilibrium lies practically to 
the right side, i.e, the hydrogen sulphide and alkane or 
alkene. 


+ 4H, H,S + CH, CH,-CH, . 


H 
CH, 
\ / +CH,-CCH-CH, . (2) 


8 


In Table I the free enthalpy of formation per gram- 
molecule of the different compounds are given. The 
calculated equilibrium constants are found in Tables 
Il and III, Increases of the total pressure will pro- 


mote desulphurization. 

If, besides the desulphurization reaction, naphthene 
dehydrogenation (reaction 3, Table IV) is also studied, 
then at a definite temperature, and starting with one 
gram-molecule of 3-methylthiophene, one gram-mole- 
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Taste I 
in keal/mol 
| 
Compound 500° K 900° | _ 800° K Lit 
Methylthiophene 8060 36-28 4200 | 4791 
Hydrogen sulphide . | ~15-44 | ~14-36 | —13-26 | —12-11 42 
2-Methylbutane 20-29 | 3266 | 45-19 57-84 (43 
2-Methyl-2-butene 31-82 | 41-03 | 50-42 | 59-94 44 
Methyleyclohexane .| 8751 | 6355 | 6980 | 86-16 45 
Toluene 41-61 | 4848 | 55-81 6224 46 
Taste II 


AG’, 


Tx (of the reaction) log Ky 
500 ~ 25-15 
600 — 17-98 6-55 
700 10-15 $17 
800 2-18 0-60 
Taste III 
OH, 
+ 3H, H,S + CH,—C=CH—CH, 
Tx | (of the reaction) log K, 
500 14-22 6-22 
600 — 961 3-50 
700 492 1-54 
800 — 0-08 0-02 


3 


cule of methyleyclohexane, and one gram-molecule of 
hydrogen, the total pressure of the system can be cal- 
culated, In this calculation, it is assumed that there 
is no consumption or production of hydrogen after 
equilibrium has been established. 


VY Y4 

TasLe IV 


AG’ keal/mol 


Tx _(of the reaction) log K, 
600 - §-07 + 1-85 
700 14-49 +452 
800 23-92 


In Table V the total pressures have been calculated 
for the combination of equilibria (1) and (3), in 
Table VI for equilibria (2) and (3), for both equilibria 
groups on the condition that the quantity of hydrogen 
is constant (consumption = production). 


CH, 
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TABLE V 
CH 
H 
| 
lo 
Tx (P in atm) 
500 3-06 
600 | 1-49 
700 | 
800 | 40-49 


In all cases about 75 mol per cent of the sulphur compound 
has been transformed. 


| 
P stotal pressure in atm. 
+! 
1 
log.P 
ol 
r 
27 
-2 7 
——+— 4 
500 600 700 800 
Fie | 
VI 
CH, 
+ H,S + CH,—-C=CH—CH, 


a 


log Protai 


Tx (P in atm) 
500 1-02 
600 + 
700 
800 + 1-90 


In this case the sulphur compound is almost completely 
transformed. 
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In Fig 1 the calculated values for the log Py...) are 
graphically represented (cf Tables V and VI). In the 
calculations the deviations from the ideal gas laws are 
not taken into consideration. 


In the “ Autofining "’ process mineral oils are de- 
sulphurized by hydrogenation, whilst the necessary 
hydrogen is obtained by dehydrogenation of the naph- 
thenes present in the feed. From the above it is clear 
that the dehydrogenation of the naphthenes will in- 
crease as the temperature becomes higher. Increase 
of pressure will retard the production of hydrogen. At 
a certain temperature a total pressure of the system 
can be calculated at which no production or consump- 
tion of hydrogen occurs, In fact, the equilibrium will 
not be completely established; side reactions also 
play a certain part. 


EXPERIMENTAL 


In the investigations of Hoog ™ Middle East gas oils 
were desulphurized ; the influence of the contact time 
on the desulphurization was the chief subject of study. 
The experiments made by the authors in their labora- 
tory show the influence of pressure, space velocity, and 
hydrogen-oil ratio on the desulphurization of gas oils, 
working under the conditions of a constant contact 
time and constant temperature. Some experiments 
refer to the aromatic hydrogenation which, especially 
at higher pressures, occurs during the desulphurization. 
Three Middle East gas oil fractions were used as feed 
in these investigations (Table VII). 


Taste VII 


Middle East gas oil fractions . A B Cc 
Boiling range, ° C (1 atm) 250-350 250-350 | 295-305 
Per cent by weight of sulphur. | 1-40 1-40 1-24 
Average molecular weight -| 236 | 24) 235 
nv 1-4722 | 14722 11-4678 
d? 0-8452 | 08453 08371 
The hydrogen purity was 99-8 per cent vol. In all 


the experiments a Co-Mo-—Al,O, catalyst * was used. 


The equipment used in this work is shown in Fig 2, 
Oil and hydrogen are introduced into the preheater ; 
the oil evaporates. The hot vapours enter the reactor 
atthe top. After cooling, the reaction mixture is then 
separated at the working pressure. The gas, chiefly 
hydrogen, is recirculated via the recycle gas pumps. 
The hydrogen consumption is balanced by supple- 
mentary fresh hydrogen. The liquid of the high 
pressure separator goes to a second low pressure separa- 
tor. Here a part of the hydrogen sulphide and of the 
light hydrocarbons dissolved in the liquid is removed. 
At the beginning of the process hydrogen at the 
working pressure of the system is circulated. If the 
reactor and the preheater are at the desired temper- 
ature the oil feed is started. 


* The authors render their thanks to the management of the Royal Dutch/Shell Laboratories in Amsterdam, from whom 


they obtained this catalyst. 


m | 
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Every experiment was carried out in duplicate. 
The volume of the catalyst in the reactor was always 
300 ml. The rest of the content of the reactor was 
filled with 200 ml of glass beads. Two series of experi- 
ments were made: for the first series cf Tables VIII 
and IX, for the second series Tables XI and XII. 
Generally, the oil reacted in the gas phase. Only in 
one experiment (12 B and C) (Tables VIII and IX) 
could the oil partly pass the catalyst in the liquid phase. 
In all the experiments the cracking was unimportant, 
which, for example, was proved by the quantities of 
light hydrocarbons formed during the process, which 
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C', and C,, = constants, dependent on the temperature, 
the average molecular weight of the 


gas oil, etc. 


Formula (4) is not absolutely exact; the influence 
of some factors had to be estimated. 

For comparison, the formula is quite appropriate. 
At a temperature of 375° C constants C, and C, for the 
gas oils in question are given in Table X. 

The partial pressures were calculated taking the 
ideal gas laws as a basis. The effective partial pres- 
sures will be different. 


PREHEATER \T 
| 
T 
reactor 
iI SEPARATOR SEPARATOR 
i | 
GAS METER 
GAS 
ouT 
it 
z 
T SEPARATOR 
COOLER 
PRODUCT 
GAS METER 
GAS 
out 


were only small. The material balances were satis- 
factory. Generally, the losses were smaller than 2 per 
cent, the total amount of products obtained being more 
than 98 per cent. 

In the first series of experiments (Tables VIII and 
1X) gas oil feeds A and B were used. All the experi- 
ments of these series were made at about 375° C, the 
contact time being 9 seconds, This contact time was 
approximately calculated by means of the following 
formula 
PC, 
(W.HLS.V,) (G.R. + 


{ = approximate contact time in seconds, 
P = total pressure in atmospheres (atm abs). 
W.H.S.V. = kilograms of oil/litre of catalyst/hr. 
G.R. = hydrogen introduced in litres (1 atm abs 
and 1° C)/kg of oil feed. 


t (4) 


RECYCLE GAS 
PUMPS 


To obtain an opinion of the desulphurization, the 
percentage of sulphur retention was calculated. 


*, sulphur retention = 


0/ 


4 of wt of sulphur in the produced oil * 


. 
°%, of wt of sulphur in the gas oil feed ee 


(5) 

If there is no desulphurization at all, the percentage 
of sulphur retention is 100, Before the sulphur deter- 
mination was carried out in the resultant liquid pro- 
duct the dissolved hydrogen sulphide was washed out 
with caustic soda. 

In Figs 3 to 8 the result of the experiments of the 
first series (Tables VIII and IX) are graphically repre- 
sented. Increase of hydrogen pressure favours the 
desulphurization, although the effect above 50 atm abs 
is not great (Figs 3 and 4). At constant hydrogen 
pressure the sulphur removal is better at low W.H.S.V. 


* Free from H,S. 


= 
> 
‘ 
‘ | 


than at high space velocity (Figs 4, 5,6, and 8). This 
can easily be understood, because in the case of high 
L.H.S.V. the quantity of hydrogen in proportion to the 
quantity of oil is smaller (contact time being constant). 
In Hoog’s investigations ™ it has been found that the 
gas oils can only be desulphurized to a certain percent- 
age weight of 8 in the reaction product. With long 
contact time, too, not more than 95 per cent of the 
sulphur compounds were transformed. In the authors’ 
experiments it seems that certain sulphur compounds 
in the gas oil do not react with the Co-Mo-Al,O, cata- 
lyst undér the conditions of the experiments. The 


2 
Middle East gas oi! B 
contact time: Gsec. | 
*hydrogen partial pr tm 
RP Pu ydrog alp essure (a abs) 


| 


T 
Pugs 2tatm abs 


‘trickle 
| 


Puy abs 


os 


~ 


oil partial pressure (atm abs) 
4 


log(% sulphur retention) 


’ 2 3 4 5 6 
Fie 3 


explanation of this phenomenon is, for instance, the 
adsorption to a great extent of special types of sulphur 
compounds, so that the reaction with hydrogen is 
practically excluded. The total aspect of the desul- 


TasLe VIII 


Dura- | 


Standard) W.H.S.V., Cor Log 
No. of Ges | tion of | Reactor litres | kg of 
experi- oil | @xperi- | temp, | | Of | feed/litre wa sulpaur 
ment | ment, | °C | | kg of | ofcata- | | reten 
| hr | feed | lyst/hr von) 
1 | A | 13-21] 369 51-0 3500 1-50 05 | O52 
2 A 21~- 26; 378 50-0 2700 1-92 93 0-56 
3B | B | 36-42] 378 | 260 900 3-03 8-6 124 
B 42— 48 179 26-0 900 2-98 a8 1-27 
B 60) 374 51-0 1950 2-72 92 0-87 
4 B 60— 66 877 51-0 1850 2-89 | O82 
oB B 72- 78 376 710 2550 2-00 93 0-76 
B 78- 84| 376 715 2450 93 0-77 
6B B 96 574 9L0 8200 204 o4 71 
64 B 96-102) 374 910 3200 2-08 0-70 
7B B 108-112} 874 91-0 2300 1-13 
7 B 112-116 375 90-5 2350 4-07 o1 ORT 
8B B 122-126 374 710 1750 4-25 
| B 126-130 74 710 170 4-31 O-97 
9b B 136-140 S75 51-0 1300 4-19 87 1-05 
B 140-144) 377 51-0 1300 4-15 a8 1-O4 
10B B 150-154 26-0 650 4-25 8-2 1-38 
104 B 154-158; 374 26-0 650 119 141 
11B B 165-169| 375 26-0 1700 1-59 100 
| B 169-173 374 26-0 1700 1-54 | 
12B B 178-182 375 910 1800 1-16 
120 B 182-186| 374 1800 
13B | A |194-198| 377 | 51-0 | 2650 9: 0-78 


phurization in this first series of experiments is compar- 
able with the results of Hoog’s experiments.™ 

In the authors’ second series of experiments (Tables 
XT and XIT) gas oils B and C were used. The temper- 
ature was also 375° C, the approximate contact time 
being 9 seconds. An interesting feature is the low 
sulphur content of all the liquid products formed. It 
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Taste IX 
Partial vapour pressures, atm abs 
Standard 

No. of litres of 1 1 

expe 

oil H, hydro- feed 
carbons 

l 135 15-05 3-5 S200 0-667 0222 
2 1-70 43-6 11 36 2450 0-621 0230 
3B 24 20-9 12 15 800 330 0478 
2-44 2-9 1-2 15 800 335 00-0478 
in 2-32 46-6 12 1850 368 
244 16-7 1-2 1800 O14 
5B 200 66-1 12 12 0-345 
2-61 66-7 2350 0-332 0160 
6b 2-57 16 3100 
2-57 14 S100 0-335 
5-61 85-8 Os 2250 0-242 Molly 
S44 0-9 Os 2300 O-246 O-O1L7 
3-58 65-5 0-95 O95 1706 0-235 0153 
3-58 65-5 0-96 0-95 1700 0-232 
3-41 16-0 oo 1250 0-239 ©0218 
341 46-0 O7 09 1250 0-0218 
10B 3-25 21-15 Il Os 600 0-235 0-0473 
3-25 21-15 Ob 600 0-239 0-0475 
11B 1-35 21-5 12 1-95 1500 0-629 0-465 
1 1-35 21-5 1-2 1-95 1500 0-629 0-0465 
128 1-46 85-3 O7 0-5 1700 O-186 
12¢ 446 85-3 Ob 1750 0-186 
13B 1-83 44-25 1-2 37 2300 481 0-0226 


Taste X 


Middle East gas oil fraction . A B Cc 
1000 1000 1000 
5 93 05 


is probable that the initial activity of the catalyst in 
this series of experiments is not lost as quickly as in 
the first series. In the first series, the experiments 
were started with gas oil A. In contrast to oils B and 
C, A was not a freshly distilled oil. If a comparison of 
the sum of the partial pressures of the light hydro- 
carbons is made, using the different gas oils as raw 
materials, it is clear that these partial pressures are 
distinetly high for gas oil A, which indicates consider- 
able cracking. 

The more intense cracking of gas oil A may be a 
result of the activity of unstable oxidation products, 
These oxidation products might have been formed in 
the oil by the action of oxygen from the air. Gener- 
ally, cracking is connected with the deposition of 
coke on the catalyst, which is the reason for the decline 
in catalyst activity. In the second series of experi- 
ments only freshly distilled oils were used, Compared 
with the first series a better desulphurization was ob- 
tained. 

For comparison a 24-hr experiment was carried out 
with gas oil B as raw material and under the same con- 
ditions as experiment 14B (second series) but without 
any catalyst. The reactor was filled with 500 ml of 
glass beads. The sulphur retention in this case was 


higher than 90 per cent (ef Table XIII). 


Especially at higher pressures the hydrodesulphur- 
ization will be combined with aromatic hydrogenation. 
To study this more thoroughly the liquid reactions 
products were fractionated. The fractions boiling 
above 200° C were investigated by the n-d-—M and the 
method.47.** By adsorption of the gasoline 
fractions on silica gel the percentages by volume of aro- 
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| abs : 
| | 
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matics, alkenes, and alkanes -+- naphthenes respectively 
were determined.” By comparing the distillation 
curves of the feed and the products obtained therefrom 
it was proved that 9 to 13 per cent weight of the pro- 
ducts boiled below the initial boiling point (about 
250° C) of the corresponding feed. These low boiling 
products, chiefly gasoline, contained 20 to 30 per cent 
volume of aromatic. At lower pressures more light 


hydrocarbons were formed than at high pressure. If 


it is assumed that the sulphur compounds in the oil 
contain one sulphur atom per molecule, the percentage 
by weight of sulphur compounds can be caleulated by 


“7 T T T y 
@ Middle East gas oil 8 
WO + Middie East gasoil A 
contact time: 9 sec 
WA gr 600 


r 600 
2iatm abs 


1300 


=46atm ads 


66 atm bs. Pua 


os - 
log (Yesulphur retention) 
oi! per litre of catalyst per hour) 
oT a oF ? 
Fia 8 


means of the percentage of S and the average mole- 
cular weight of the oil. Thus for gas oils B and C 10-5 
and 9 per cent by weight of sulphur compounds are 
found respectively. The light hydrocarbons are 
formed from the sulphur compounds (8 to 9 per cent by 
weight of the oil), and by cracking (at most 5 per cent 
by weight of the oil). At high pressure hydrogenation 
of aromatics takes place to a small extent. 


XI 
Standard W.H.8.V., 

No.of; Gas | Durationof| Re- | Pres- litres ke of Con- | Log (%- 
experi-| oil |experiment,| actor | sure, | of gas/ | feed/litre; tact | sulphur 
ment | | br temp,| atm kg of of cata- | time,| reten 

| 0 abs feed lyst/hr sec tion) 
18-24 375 51-0 1450 3-62 73 
15B B 30-36 375 91-0 2750 3-55 90 0°27 
160 | B 36-42 || 62800 9-0 0-20 
16B B 50-67 51-0 4550 1-23 8-9 O11 
160 B 57-64 475 51-0 4650 1-21 
17B | B 70-76 375 91-0 4600 2-15 9-0 0-22 
170 | B 76-82 376 91-0 4600 215 96 0-32 
B 88-94 375 151-0 4600 3-59 oO O41 
180 B 94-97-5 377 161-0 4650 3-52 90 0-40 
19B ( 103-5-106-5| 377 | 161-0 5500 8-00 9-0 0-22 
190 110-116 374 | 151-0 5450 90 0-16 
20B ( 120-5-124-5| 375 910 $250 297 9-2 0-22 
200 0 124-5-128-5| 375 91-0 3300 2-99 oO 0-07 
21B ( 36-140 376 45-5 1550 3-06 oO O19 
210 | O 140-143 75 45-5 1600 3-00 8D 0-27 
22B 0 150-155 373 45-5 3300 1-49 90 Ol 
220 ( 155-160 376 45-5 3250 1-49 9-1 Ol4 
23B B 167-173 375 51-0 1450 3-463 O80 


Table XIV gives some physical constants of the pro- 
ducts which are obtained by desulphurization from 
feed C. The gasoline has been removed by distillation. 
By means of the n-d—M and the n-d—-V« method the 
average number of rings per molecule Ry, and the 
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Taste XIL 
Partial pressures in reaction gas, 
atm abs Standard 
No, of litres of 1 1 
experi hydrogen 
ment | Light kg of | PMs 
oil Hy, hydro feed 
carbons 
14h 46-9 10 1400 0-276 00-0213 
15B 85-9 Ol 21 2700 0-282 O-O1L16 
150 | 21 2700 0-285 
16B 47:8 21 4350 
160) 47-8 21 4450 826 
7-0 21 i500 0465 
17 87-0 O1 21 4500 
Ish 145-8 1 21 4550 0-279 000686 
145-9 21 4600 0-00685 
198 146-8 O4 1-2 5450 0-333 00681 
146-8 od 12 5400 0-332 0- 00681 
20B 85-6 14 3150 0-387 SO? 
200 85-7 3200 334 OOH 
218 40-3 1450 327 
228 iid 18 5100 0-671 (0242 
220) Lo 1-8 3050 0-671 0-0242 
2368 15-6 1400 275 00-0219 
TasLe XIII 
Reactor Partial pressure atm abs 
Standard Log | 
No, of litres Feed, | (% 
experi- Feed Pres-, Of ga8/ @phur 
ment Temp, |sure,| kg of B/D) reten- | Light 
C'latm'| feed tion) | Ol | Hy, | H,8 | hydro- 
carbons 
abs | 
2B | B | 375 | 61-0] 1400 [1-216] 1-96 | 8-91] 47-7| 0-0 | 0-1 
240 B | 876 | 510) 1400 | 1000) 198 00) 
Taste XIV 
N 
No. of 
M centi- ni % 
experiment | 
| stokes | 
| 
19B 238 567 | 14573 | 08201 nil 
190 238 | 5-67 | 1-4573 | 08204 ,, 
20B 237 544 14590 Os215 
20 243 5-42 | 14591 | 0-8217 
21B 235 546 14623 | 0-8249 
21C 238 534 | 14622 | 08246 
228 231 5-03 | 14631 | 08245 
22C 236 512 | 14642 | 08253 
OUC . 235 14678 | 0-8371 1-24 
Oil C (gaso- 
line free) . 241 6-13 14680 | 


08380 1-26 


average number of aromatic rings per molecule R, 
can be calculated from the physical constants given in 
Table XIV. The results are given in Table XV. For 
comparison, gas oil C and a fraction obtained from C 
by an analogous distillation, as done with the products 
of the process, are also analysed. The results are 
found in Table XV. The aromatic content decreases 
at higher pressures, although the differences are small. 

The percentages by volume of the aromatics, alkenes, 
and alkanes -+- naphthenes of the light hydrocarbons 
of these experiments are shown in Table XVI. 

At high pressure the gasoline fractions formed 
during the process contain more aromatics than at 
lower pressure. In the first case, less gasoline is 
formed. The light hydrocarbons formed by cracking 
will not be as rich in aromatics as the hydrocarbons 


| 
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lower pressure, the cracking of the gas oil will be Porter, F. W. B., and Northcott, R. P. U.S.P. 2,574,451, 
stronger, the result being a decrease of the aromatic 
content in the gasoline fractions. Docksey, P., and Porter, F. W. B. U.S.P. 2,574,448, 6 
November 1951. 
Porter, F. W. B., and Northcott, R. P. U.S.P. 2,574,450, 
‘ 6 November 1951. 
CONCLUSIONS Docksey, P., and Porter, F. W. B. U.S.P. 2,574,446, 6 
Middle East gas oils were desulphurized by catalytic coe ag tap Porter, F. W. B. U.S.P. 2,574,449, 6 
hydrogenation over a Co-Mo~Al,O, catalyst. At a November 1951. 
constant contact time and constant temperature, it Morten, 20,008, 
was proved that the weight hourly space velocity and 


the total pressure influence the degree of desulphur- N.V. De Bataafsche Petroleum Maatschappij, B.P. 657,521, 
ization. Increase of pressure decreases the sulphur 19 September 1951. 

the il: of ten Hoog, H. Dutch P. 71,308, 15 December 1952. 

retention 0 » increas os weight Hoog, H., and Koome, J. Dutch P. 71,604, 16 February, 
hourly space velocity lowers desulphurization. The 1953. 

catalyst was selective. At higher pressures (up to 150 N.V. De Bataafsche Petroleum Maatschappij, Dutch P. 


62, 15 Fet 1951. 
atm) hydrogenation of aromatics took place to a small eee a. Sey yn 26 August 1952. 


extent, The gasoline fractions formed during hydro- Berg, C. Petrol. Process., 1953, 8, 1018. 


desulphurization are rich in aromatics (20 to 35 per McCullough, J. P., Sunner, 8., Finke, H. L., Hubbard, 
W. N., Gross, M. E., Pennington, R. E., Messerly, J. F., 
cent, by volume). The crac king was unimportant and Good, W. D., and Waddington, G. J. Amer. chem. Soc., 
took place even at the lower pressures to the extent of 1953, 75, 5075. 
only a few per cent. Evans, W. H., and Wagman, D. D. J. Res. nat. Bur. 
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"MULTIFLOW: 
FEED HEATERS 


are made in vertical and horizontal types for all duties 


High- or low-pressure heaters for exhaust or bled steam 
made in standard sizes and capacities. Weir Heaters 
save fuel, improve steaming and recover heat in 
exhaust steam. 


Write for Publication No. 1H. 152 


Designers and makers of CONDENSING PLANT, FEED PUMPING, 
EVAPORATING and DE-AERATING EQUIPMENT 
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KLINGERFLOW 
SEATLESS PISTON VALVES 


The Klinger Seatiess Piston Valve operates 
on an entirely different principle from the 
usual type of seating valve. It consists 
basically of a finely ground piston, operated 
by the valve spindle and hand wheel and 
moving through two or three non-metallic 
resilient valve rings, capable of resisting 
steam, oil and most fluids at high temperatures 
and pressures, and separated by a ported 
lantern bush. It is made in a great variety of 
sizes and designs, to suit all purposes, and 
has the following advantages : 


No seat — consequently no regrinding. 
Can be serviced in the line. 
Unaffected by wiredrawing. 
Unaffected by throttled use. 


KLINGER REFLEX LEVEL GAUGES 


The “K" Type Reflex Level Gauge has the 
following outstanding advantages : — 


Single row of tightening bolts. 

Body free from distortion. 

Glass easily removed. 

Gauge body turnable, free to expand, and section 
easily removed. 


KLINGER SLEEVE-PACKED COCKS 


In the last quarter of a century Klinger 
Sleeve-Packed Cocks have steadily replaced 
the old-fashioned asbestos-packed cocks with / 
their limitations of working pressures, 2 
difficulty of repacking and tendency to jam. 4 
They are available in a wide range of designs q i ig 1 T T ] N G S 
and sizes for all purposes and pressures, and = ae : 
with the following advantages : —_ 
Renewable “ Klingerit” packing sleeve. 
Retightening during use. 
Parallel-ground non-jam plug. Write for the Klinger Master 


Unobs Catalogue which describes the 
— —— complete range of Klinger 


products. 


KLINGERIT WORKS SEDCUP+> KENT + ENGLAND 


Cables: Klingerit Telephone: Foots Cray 3022 


AGENTS THROUGHOUT THE WORLD 


MANUFACTURERS OF KLINGER SEATLESS PISTON VALVES; KLINGER SLEEVE-PACKED COCKS; KLINGER LEVEL INDICATORS; RINGS AND 
SEALS IN KLINGER SYNTHETIC MATERIALS, AND KLINGERIT COMPRESSED ASBESTOS SHEET JOINTINGS AND PACKINGS FOR EVERY PURPOSE 


YOUR PLANT | 

be 

INSTALL | 
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Naphtha Stabilisation Unit 


Naphtha Stabilisation Unit at the Esso Refinery at Fawley—designed and 
built by Foster Wheeler. 
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Insulated 
from top 

to bottom 
with 


ROCKSIL 


REGD. TRADE MARK 


This column at Shell’s Iso-Pentane 
plant, Stanlow Refinery, Cheshire is be- 


lieved to be the tallest of its kind in the 
world. It was insulated by Kenyon with 
“‘Rocksil” and finished with galvanised 


sheet. 


Kenyon are experts in insulation treat- 
ment for petroleum and chemical plants. 
They specialise in the selection of the right 
material for any combination of conditions 


or circumstances. 


KENYON 
Planned 


HEAT INSULATION 4 hn 


A Shell Phetcgraph 
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KH 162 
Vv 


FLEXIB 
LINK 


Esso Oil—in 18 
different grades—flows 
through Silvertown Hose 

at Fawley 


Wherever a flexible link is needed between storage tanks and transport, 

there’s a SILVERTOWN Suction-Discharge Hose specially designed for the job. 
Tough, rugged hose . . . built to withstand tough and rugged service ... with a smooth 
bore to ensure uninterrupted flow. Its specially compounded lining is extremely 
resistant to the destructive attack of crude oil, petrol, benzene, gas oil and other 
solvents—its covers, too, are unaffected by these fluids. Silvertown Suction- 
Discharge Hose is normally supplied flanged, with built-in spigots firmly 

vulcanised to the body and additionally secured by heavy band clips. 


THE INDIA RUBBER, GUTTA PERCHA & TELEGRAPH WORKS CO. LTD 
HERGA HOUSE, VINCENT SQUARE, LONDON 8&.W.1 
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OUR OTHER PRODUCTS 
INCLUDE ... 


* CARBON STEEL CASTINGS 
* ALLOY STEEL CASTINGS 


* HEAT RESISTING STEEL CASTINGS 
TO B.S. and A.S.T.M. SPECIFICATIONS 


CAST STEEL # STAINLESS STEEL CASTINGS 
FITTINGS # MILLENITE IRON CASTINGS 


* $.G. IRON CASTINGS 


for strength and * ALL CAN BE MACHINED IN OUR 


MODERN MACHINE SHOPS 


pressure 
tightness Also 
HYDRAULIC 
& SCREW JACKS 
Please write for bulletins which give uP TO 
full technical information on each 20 TONS 


type of fitting we can supply. 


The Role of Petroleum 
in Modern Transport 


Significance 
of Properties of 
Petroleum Products 


The most recent survey of the application of 
petroleum fuels and lubricants to road, rail, 
air, and water transport, and of future trends 


Gives information and guidance as to the 
meaning to be placed on figures obtained as 
the result of submitting a petroleum product 
to a standard test. 


in these applications. 


184 pages Illustrated 


74 pages 


Price 30s. Od. post free 
Price 7s. 6d. post free 


Obtainable from 


Obtainable from 
The Institute of Petroleum 


26 Portland Place, London, W.1. 


The Institute of Petroleum 
26 Portland Place, London, W.1. 
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Britain’s Atomic Factories 27¢ relying on the high quality work 


built into them by Ashmore, Benson, Pease & Company. 


All pipe joints were butt welded with 

smooth interior and perfect penetration, 

yet free from any irregularities 

in the internal bead or any oxidation. 

No risks could be taken, for one defective weld 
could later result in the factory 

closing down for an indefintte period. 


THE POWER-GAS CORPORATION LIMITED 


AND, 


ASHMORE, BENSON, PEASE & COMPANY 


STOCKTON-ON-TEES AND LONDON 


AUSTRALIA FRANCE SOUTH AFRICA 


vill 


of 170 
| 
' 


any type country! 


South Durham Stee! Pipes 
for the Pettoteum Industty/ 


SOUTH DURHAM STEEL & IRON CO. LTD. (incorporating CARGO FLEET IRON CO. LTD.) 
Malleable Works, sTOCKTON-ON-TEES. Telephone: Stockton 66117. 
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FLEX FEATHERWEIGHT 


For extreme lightness and ease of handling there’s 
nothing to compare with this all-purpose flexible which 
is one of a new range of suction and delivery hoses based 
on Compofiex principles. New combinations of synthetic 
materials have been used for the walls, together with 
an entirely new method of bonding and curing by heat 
treatment. 

As a result, the FEATHERWEIGHT combines unusual 
lightness, great strength and flexibility, with improved 
durability and crush-resistance. It can also handle a 
wider variety of chemicals, including pure Benzoles, 
petroleum and oils, and is the ideal hose for road, rail 
and similar tank haulage work. 


The FEATHERWEIGHT, which costs the same as 
the well-known standard OILMASTER, can be 
supplied in lengths up to 30 ft. with 1-in. to 4-in. 
bores. Alternative linings can be supplied at 
extra cost for special purposes. 


For corrosive and abrasive conditions. Two new 
SMOOTH BORE hoses are available. The 


TANK HAULAGE 
OPERATORS SAY:~- 


so that the metal cannot be attacked by the 
flowant. In the BANTAM, the spiral is flush with 
the inner surface, giving the lightest possible 
smooth bore hose, 


For extra-heavy duty. Still stronger and tougher 
but lightweight Bargemaster and Jettymaster 
hoses are recommended for barge, ocean terminal 
and similar work. (6” and 8" bores). 


Typical Weights and Working Pressures 


1.d. Weight Bend Working 
per foot Radius Pressure 


vr IT’S HALF THE WEIGHT OF ANY OTHER HOSE 
yr IT’S EASY TO HANDLE 
vr IT’S TOUGH AND FLEXIBLE 


Inches Lbs. Inches Lbs. P.S.L. 


If you have a ‘ flexible ' problem, 
you'll find the answer at Compofiex 


on the market— 
> a 4 7 
} 
| LOWMASTER has a completely embedded spiral 
| 
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WROUGHT 
NON-FERROUS 


METAL PRODUCTS 
for the Petroleum Refining Industry 


to British and American standards 


TUBES for heat exchangers, condensers, coolers 


Abe 


TUBE PLATES 


in ‘ALUMBRO’ (aluminium brass) 
ALUMINIUM BRONZE 

NAVAL BRASS 

YELLOW METAL 
‘INTEGRON’ High Fin (plain and bi- metal) and Low Fin tubing for heat exchangers and coolers. 


‘KYNAL’ (aluminium) sheet, plate and tubes. ‘EVERDUR?’ (copper-silicon alloy) plate. 


in “KUNIFER’ 30 (cupro-nickel) 
*ALUMBRO’ (aluminium brass) 
ALUMINIUM BRONZE 
ADMIRALTY BRASS 


COPPER and ALUMINIUM alloys for tie rods. 
COPPER tubes and fittings for instrumentation and steam tracer lines. 
BI-METAL tubes and brazed BI-METAL plates for heat exchangers. 


IMPERIAL CHEMICAL INDUSTRIES LIMITED, LONDON, S.W.! 


xi 


— 
NL | 
* 
\ 


CHARTING A COURSE 
FOR THE FUTURE 


Like the rugged seafarers of an earlier 

century, modern industrial organizations are 
continually faced with the problems of charting 
a course which will ensure their future success. 


And when the designated route requires the 
expansion or modernization of their processing 
facilities, these organizations must be 

certain that the construction firm selected for 
the job will be one with an outstanding 

record of past achievements. 


Throughout the world, Procon has shown its 

ability to handle any process construction work 
efficiently and economically. With such a 

record, Procon has enabled its many clients to enjoy 
the benefits of rapid on-stream operations. 


Discuss your next process construction job with a 
Procon engineer. You'll find him ready to 
assist you in planning your course for the future. 


PROGON Britain) 


112 STRAND, LONDON, W. C. 2 


PROCON (CANADA) LIMITED--40 ADVANCE ROAD. TORONTO 18, ONTARIO 
PROCON INCORPORATED—1111 MT. PROSPECT ROAD, DES PLAINES. ILL.U SA 
WORLD-WIDE CONSTRUCTION FOR THE PETROLEUM, 

PETROCHEMICAL, AND CHEMICAL INDUSTRIES 
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PROGRESS IN CONTROL 


New 

Self-sealing 
Plug-in Controller 
& Control Stations 


Designed for easier installation, operation and maintenance this latest 
model Nullmatic Controller plugs into indicating and recording 
control stations or a field-mounted manifold block. It embodies all 


the advantages of existing Nullmatic Controllers. 


Available with this instrument is an improved range of M.P. Control 


Stations. 


Please ask for technical literature on these latest additions to the 


Sunvic range of Nullmatic Process Control Equipment. 


SUNVIC CONTROLS LTD. (Process Control Division) OW IE IN B 
No. | Factory, Eastern Industrial Estate, 


HARLOW, Essex. Tel. Harlow 24231/5. 


Manufacturers of process controls for the oil, chemical, food, metal and 
atomic energy industries, etc. 


Member of the A.E.!. Group of Companies. 


TAS/SC.3923 
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TECHNICAL WORKS 
ON PETROLEUM 


JOURNAL OF THE 


INSTITUTE OF PETROLEUM 
Annual Subscription 94s. 6d. 


INSTITUTE OF PETROLEUM 


REVIEW 
Annual Subscription | 5s, Od. 


MODERN PETROLEUM 


TECHNOLOGY 


(2nd (1954) Edition) 
Price 35s, Od. post free 


STANDARD METHODS FOR 
TESTING PETROLEUM AND ITS 


PRODUCTS 
Price 40s. Od. post free 


SIGNIFICANCE OF PROPERTIES OF 


PETROLEUM PRODUCTS 
Price 7s. 6d. post free 


ASTM/IP PETROLEUM 
MEASUREMENT TABLES 


British Edition—Price 50s. Od. post free 
Metric Edition—Price 55s. Od. post free 


PETROLEUM MEASUREMENT 


MANUAL 
Price 25s. Od. post free 


POST-WAR EXPANSION OF THE 


U.K. PETROLEUM INDUSTRY 
Price 25s. Od. post free 


IP SAFETY CODES FOR THE 


PETROLEUM INDUSTRY 


Parts | & 2—Electrical and Marketing Codes 
Price 38s. 6d. post free 


Published by 


The Institute of Petroleum 


26 Portland Place, London, W.! 


ENGINEERING, MARINE AND 
WELDING EXHIBITION, OLYMPIA 
September | to 15 
Stand No. 4G 
Ground Floor, Grand Hall 


WELDING 


The picture above symbolises an experience of over 20 years in the 
manufacture of fusion-welded pressure vessels, a process that was 
pioneered by Babcock & Wilcox and developed by them to its present 
state of perfection. 


ist 
if 
i 


| 
| 
| 


The operator is supervising the automatic welding of a longitudinal 
seam in a large pressure vessel—maybe the drum of a Babcock 
boiler, a high-pressure manifold or part of a large treating tower 
for one of the world’s new oil refineries, many of which have 
Babcock equipment. 

With 75 years of boilermaking experience, including their extensive 
application of the fusion-welding process, Babcock & Wilcox are 
outstandingly well equipped to meet the demands of the oil and 
chemical industries for complete modern steam-raising plants, 
treating towers, high-pressure manifolds, heat exchangers and plant 
for the utilization of waste heat. 


BABCOCK & WILCOX LTD - BABCOCK HOUSE - FARRINGDON STREET - LONDON - E.C.4 
BOILERS WELDED PRESSURE VESSELS HEAT EXCHANGERS WASTE-HEAT UTILIZATION PLANT CRANES 
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VOLUNTARY CORRECTION 


Information received and not checked led us to write on 
pages 160 and 180 of our book Les Derives du Petrole 
(Blondel and Rougery, Paris, 1952) the following remarks on 
Elektrion or Voltol oils manufactured by the Hemptinne 
process: 
*. ,. because of the presence of fatty oils, the 
saponification value and the increasing acidity (of 
these oils) present certain disadvantages. In any 
case, they cannot be used for modern bearings.” 
“ These oils whose manufacture is costly, have all 
the defects of fatty oils. They have had very little 
success, and with the appearance of bright stocks 
they have disappeared from the market. @ 


We now acknowledge that we have made an error both in 
our criticism of these oils and in declaring that they have 
disappeared from the markets. 
The technical data we have read in a notice published 
by the Société De Cavel & Roegiers entitled Notice 
Elektrion R Concentrée and: 
The results of tests carried out on the bench on 
various engines by the Institut Francais du Pétrole, 
and finally: 
The fact that import quotas for France and French 
possessions overseas covering concentrated Elektrion 
oil (designed by name in the Franco-Belgian trade 
agreements) amount to over one hundred million 
francs per annum, 
oblige us to acknowledge our error and to withdraw the 
above texts. We do so most willingly and ask the Societé 
De Cavel & Roegiers to accept our apologies. 
Signed; E, FOURET 
M, BLANCHIER 


Marketing Code 


Part 2 of Model Code of Safe 
Practice in the Petroleum Industry 


Complete with 3-ring binder to 
hold four parts of complete code 


Price 26s. 0d. post free 


(Supplied together with 
Electrical Code at 38s. 6d.) 


Obtainable from 


The Institute of Petroleum 
26 Portland Place, London, W.1 


DRILLING MUD: 


ITS MANUFACTURE 
AND TESTING 


By 
P. EVANS and A. REID 


Reprinted from Transactions of the Mining 
and Geological Institute of India, 1936. 


Pages 263 + xxx. Paper covers. 
Price 21s. post free. 


Obtainable from 


The Institute of Petroleum 
26 Portland Place, London, W.1 


ADVERTISERS 


abcock & Wilko x Ltd. 
alley Bros. & Ltd. 
pe er Oil Tools Inc. 
a Metal Co. Ltd. 


ritis 
Peter By 
Chemingex 
ompofiex Lt 
Connaysht Lid. The 
raig & Co. L 
Electroflo Meters Co. Ltd. 
nglish Drilling Equipment Co. Lid. 
vershed & Vignoles Ltd. 
‘oster Wheeler Lt 
‘oxboro-Y oxall 
. J. Fraser & Co. Ltd. . 
General bid. Ltd. 
Matthew Hall & 
Tyler & Co. d. 
ughes Tool Co. 
ron | Syndicate Ltd., The ; 
rig Chemical Industries Ltd. (Metals Division) 
Rubber, Gutta Percha & Telesraph Works Co. 


Wm. “Kenyon & Sons Ltd. 
Richard Klinger L ‘ 
ake & Electric Lt 
lectric Co. Ltd. 
Main & Co. Ltd. 
Ltd. é 
etal Propellers L 
etro Vickers Electrical Co. Ltd. 


A. 
. P. Newall & Co. L é 
ewman, Hender & Co. Ltd. . 
Oxford University Press Ltd. 
‘ower—Gas Corporation Ltd., The 
t. Britain) Ltd. 
gubery, wen Ltd. 
uth Durham Stee! ‘and Iron Co. Ltd. 
unvic Controls ; 
Iniversal Oil Products Co. 
Whessoe | 
(eary & Co, 
dfield Hoist and Industries Ltd.. 
Yorkshire Copper Works Ltd., ; 


| 
| 
: 
| 
: | 
\ 
| 
| 
| 
| 
| 
. July 
July 
July 
July 
Apr 
| x 
July 
cover 
Apr } 
Mar 
Mar 
© Mar 
June 
July 
July 
i 
July 
July 
July 
vi 
| 
. July 
: _ xvi 
| . June 
Mar 
June 
July 
vill 
xi 
. June 
ix 
. May 
ii 
July 
June 
. Jan 
| | xvi 
- 
XVl 


TUBES 


FOR THE PETROLEUM IN 


The Yorkshire Copper Works Ltd. are makers of solid 
drawn tubes in ‘'Yorcalbro’’ (aluminium-—brass), 
Admiralty Mixture Brass, 70/30 Brass, ‘‘ Yorcoron”’, 
**Yorcunic’’, ‘* Yorcunife'’ and 70/30 Cupro-Nickel, 
Copper, ‘‘Yorcalnic’’ (aluminium—bronze) and Tin 
Bronzes. They are also makers of Bi-metallic (Duplex) 
tubes and specialise in the manufacture of Heat Ex- 
changer and Condenser Tubes. They are sole makers of 
“Yorkshire '’ Capillary Fittings. 


DUSTRY 


** YORKSHIRE" BI-METALLIC (Duplex) TUBES 
Bi-metallic or Duplex tubes are frequently used to over- 
come corrosion problems where no single alloy can provide 
adequate resistance to corrosion by the media in contact 
with the inside and outside surfaces of the tubes. ‘' York- 
shire '’ Bi-metallic tubes are manufactured in combinations 
of steel and non-ferrous alloys, e.g. steel lined or shirted 
with ‘‘Yorcalbro’’, and in combinations of non-ferrous 
alloys. 


** YORCALBRO”’ (Aluminium-Brass) TUBES FOR HEAT EXCHANGE EQUIPMENT 
**Yorcalbro’’ has become a household word throughout the oil world and it can be relied upon to give 


satisfactory service in heat exchange equipment using sea or 
Its main advantages are: 


estuarine cooling water which is free from silt. 


(1) High resistance to corrosion on both product and water side. 
(2) Like other ‘* Yorkshire "’ alloys, it is immune from attack by dezincification and season cracking. 
(3) It renders possible the much longer *‘ on stream "’ runs obtainable with refinery plant today. 


(4) High water speeds are permissible with ‘‘ Yorcalbro"’ tubes because of their resistance to corrosion-erosion, 
and initial heat transfer is better maintained with this alloy than with any other alloy. 


(5) Although the cost of *‘ Yorcalbro”’ is about 6 per cent higher than that of ordinary brass tubes, this is offset 


by its longer life and trouble-free service, resulting in r 


THE YORKSHIRE COPPER WORKS 


uced maintenance charges. 


LTD - LEEDS & BARRHEAD 


TOWER LINING 


CAN SAVE YOU MONEY 


Before you decide to scrap your mild steel 
columns, let us quote for lining them with 
alloy steel. 

We have proved that strip lining towers 
with alloy steel is cheaper than installing 
new clad towers, and much quicker. 


For further details ask for leaflet BT:0153. 


METAL PROPELLER 


Stainless Steel Specialists 


74, PURLEY WAY, CROYDON, SURREY Telephone: Thornton Heath 3611-5 


S LTD Alloy steel strip lining in 

5 ft. i/d column. Note also 
Glitsch ‘Truss-Type’ bubble 
tray. 
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NOW — Infra-red analysis enters a new phase with 
the development of this Mervyn engineered instrument 
using Merton—N.P.L. diffraction gratings. 


Here is the long awaited high resolution instrument 
for the lv — 4 region. Of great stability, it reads 
percentage transmissions direct. 


COMPLETELY NEW 
ELECTRONIC COMPENSATING SYSTEM 


This versatile instrument is compact and 
simple to operate. Has many applications in 
the manufacture of petroleum products, plastics, 
detergents, pharmaceuticals and other processes 
where the high cost of contemporary equipment 
has restricted the use of Infra-Red techniques. 


Send for full information to: Dept. IS’7 


MERVYN INSTRUMENTS 


ST. JOHN’S, WOKING, SURREY. 
Telephone : WOKING 2091 


MODERN 
PETROLEUM 
TECHNOLOGY 


SECOND (1954) EDITION 


702 pages 200 Illustrations 


Price 35s. 0d. post free 


Obtainable from 


The Institute of Petroleum 
26 Portland Place, London, W.1 


The Post-War Expansion 
oi the 
U.K. Petroleum Industry 


Supply, refining, distribution and economics 
are covered by the twelve papers comprising this 
authoritative account of the development of the 

British petroleum industry. 


220 pages Illustrated 


Price 25s. Od. post free 


Obtainable from 


The Institute of Petroleum 
26 Portland Place, London, W.1. 


Sx Mervyn NPL 
‘N, 
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Forged Steel Gate 
Valve, bolted gland, ig FORGED STEEL 


bolted bonnet type. 
Flanged ends 
available with 


Ring 
joint. 


for every need of the 


FORGED STEEL 
ELBOW 


FORGED sTEcL 
cross 


Newman, Hender € Co. | 
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now! | 


an added 
“Range” 
for close 
tolerances. 


and type 
EXACTLY 


meet your requirements 


With the addition of the new “15-Range,” Baker HINGE-LOK 
Casing Centralizers are now available for all combinations of 
casing sizes and hole sizes. From “slim” holes to large-diameter, 
oversize, irregular holes—or even where cavities are anticipated— 
there is a Baker HINGE-LOK Casing Centralizer to start without 
“snubbing” and to provide a positive, uniform annular cementing 
space around the casing. « Any Baker representative or office 

is ready to help you get “first-time” cementing results with Baker 
HINGE-LOK Casing Centralizers. To end right, 

start right—call BAKER. 


— BAKER OIL TOOLS, INC. 


.. for easy starting in “slim” 
holes, without “snubbing.”’ HOUSTON «© LOS ANGELES © NEW YORK 


HINGE-LOK — 


BAKER Casing 


always ‘Maximum Centering Force’ 


20-RANGE 


Used where LESS. 


THAN-NORMAL 
clearance is 
Present between 
the casing ON 
which centralizers 
are run and 
the casing 


THROUGH which 


they are run 


SUPER- 
RANGE 
“H-S0" Used 
RANGE | where GREATER- 
Used where clearance is 
NORMAL present and where 
clearance is 1 extensive hole 
irregularities, or 
even cavities, are 
anticipated 


anticipated 


They’re countering | Corrosion 


This 55-ft. distillation column recently supplied to the Shell 
Refinery at Stanlow by Metal Propellers Limited, uses a new type 

of liquid-vapour contacting device known as the ‘ Turbogrid’ 

tray. The advantages claimed for a tray of this type include a 
reduced pressure drop across the tray when compared with the 
conventional bubble-cup tray, elimination of dead zones due to 
intimate liquid-vapour contact, together with simplicity, robustness 
and economy in outlay and maintenance. 

A * Turbogrid’ tray consists of a flat grid, occupying the entire 
cross-sectional area of the column, and is constructed so that parallel 
slots are spaced at carefully calculated intervals, Vapour rises through 
these slots and is in contact with a counter-current reflux flow. There 
are no bubble caps, weirs or down-comers, and the returning reflux 

is prevented from falling completely through successive trays by setting 
the direction of the slots of adjacent trays at right angles to one another. 
The new column will be used for the separation of acid contaminated 
mesityl oxide and acetone, To ensure long life and efficiency in 
corrosive environments both the ‘ Turbogrid’ trays and the column 
were constructed of Monel—a Wiggin nickel alloy which combines 
good mechanical properties with excellent resistance to corrosion. 


As in so many cases where corrosion presents a problem, Wiggin Nickel Alloys provide the 
protection. Our publications, Monel and ‘ K’ Monel-—Properties and Applications”, 

and detailed information on any other Wiggin Nickel Alloys, will be sent without charge 
on request. Your specific problem will gladly be dealt with &y our Technical Service. 


* *Monel? is a Registered Trade Mark 
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